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Let There Be Mammals 


The timing of the evolution and radiation of placental mammals and their most recent com- 
mon ancestor has long been debated, with many questions surrounding the relationships of 
groups that pre- and postdate the Cretaceous-Paleogene boundary (66 million years ago). 
While the fossil record suggests that placental mammals radiated after the Cretaceous, mo- 
lecular clocks have consistently placed the ancestors of mammalian lineages earlier. O'Leary 
et al. (p. 662; see the Perspective by Yoder) examined the morphology of fossil and extant 
taxa and conclude that living placentals originated and radiated after the Cretaceous and 
reconstruct the phenotype of the ancestral placental mammal. 


The Holy GRAIL? 


The gravity field of a planet provides a view of 
its interior and thermal history by revealing areas 
of different density. GRAIL, a pair of satellites 
that act as a highly sensitive gravimeter, began 
mapping the Moon’s gravity in early 2012. Three 
papers highlight some of the results from the 
primary mission. Zuber et al. (p. 668, published 
online 6 December) discuss the overall gravity 
field, which reveals several new tectonic and 
geologic features of the Moon. Impacts have 
worked to homogenize the density structure of 
the Moon’s upper crust while fracturing it exten- 
sively. Wieczorek et al. (p. 671, published online 
6 December) show that the upper crust is 35 to 
AO kilometers thick and less dense—and thus 
more porous—than previously thought. Finally, 
Andrews-Hanna et al. (p. 675, published online 
6 December) show that the crust is cut by wide- 
spread magmatic dikes that may reflect a period 
of expansion early in the Moon’s history. 


Fixing Broken DNA 


Some physiological processes, such as immuno- 
globulin class switching and telomere attrition, 

result in double-stranded DNA breaks. The DNA 
damage repair protein, 53BP1, prevents nucleo- 
lytic processing of these breaks, but the proteins 
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it partners with to do this are unknown (see the 
Perspective by Lukas and Lukas). Di Virgilio et al. 
(p. 711, published online 10 January), using mass 
spectroscopy—based methods, and Zimmermann 
et al. (p. 700, published online 10 January), using 
a telomere-based assay, identify Rifl as a 53BP1 
phosphorylation- and DNA damage—dependent 
interaction partner. Mice with a B cell-specific 
deletion in Rif1 showed impaired immunoglobu- 
lin class switching. Rif1-deficient cells exhibited 
extensive 5'-3’ resection at DNA ends, with en- 
hanced genetic instability. Thus, Rif1 partners with 
53BP1 to promote the proper repair of double- 
stranded DNA breaks. 


E. coli kKNOws How to Win 


The harmonious existence among the various 
microbial inhabitants of the gut is critical for good 
health. However, inflammation from injury or in- 
flammatory bowel disease, can disrupt this balance 
and lead to the outgrowth of particular bacteria. 
The outgrowth of members of the Enterobacteria- 
ceae family, which includes Escherichia coli, is often 
observed. Because F. coli are facultative rather 

an obligate anaerobes, Winter et al. (p. 708) 
postulated that they may be able to use by-products 
of reactive oxygen and nitrogen species, which 

are produced during inflammation, for anaerobic 
respiration, thereby edging out other fermenting 
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bacteria. Indeed, in two mouse models of colitis 
and in a model of intestinal injury, various E. coli 
strains were able to use host-derived nitrate as 
an energy source and outcompete mutant strains 
unable to do this. 


Mimicking Hydrogenase 


Hydrogenase enzymes possess unusual bimetal- 
lic active sites that cleave H,. The enzymes make 
use of abundant metals (iron and sometimes 
nickel), in contrast to the often expensive syn- 
thetic catalysts that rely on rarer elements such 
as ruthenium or platinum. Ogo et al. (p. 682; 
see the Perspective by Armstrong) now report 

a bimetallic coordination compound of iron and 
nickel that can catalyze electron and hydride 
transfers from H, in a manner analogous to the 
corresponding enzyme and characterize the 
structure of an intermediate with bound hydride. 


Stressed Out 


Large seismic events such as the 
2011 magnitude 9.0 Tohoku-Oki 
earthquake can have profound effects 
not just on the severity of ground 
motion and tsunami generation, but 
also on the overall state of the crust 
in the surrounding regions. Lin et al. (p. 687) 
analyzed the stress 1 year after the Tohoku-Oki 
earthquake and compared it with the estimated 
stress state before the earthquake. In situ 
resistivity images were analyzed from three 
boreholes drilled into the crust across the plate 
interface where the earthquake occurred. Stress 
values indicate a nearly complete drop in stress 
following the earthquake such that the type of 
faulting above the plate boundary has changed 
substantially. These findings are consistent with 
observations that the sea floor moved nearly 50 
meters during the earthquake. 


Targeting HPV 


Papillomaviruses infect mammalian epithelial 
cells and induce cancers, including cervical 
cancer in humans. Vaccines against human papil- 
lomavirus (HPV) can prevent, but not cure, infec- 
tion. A key viral oncoprotein, E6, acts by binding 
and inactivating many host proteins. Zanier et 
al. (p. 694) determined high-resolution crystal 
structures of bovine papillomavirus bound to a 
peptide from the focal adhesion protein, paxillin, 
and of HPV bound to a peptide from the ubiquitin 
ligase E6AP. The structures show that the peptide 
binds in a pocket formed by two zinc domains 
and a linker helix, which represents a promising 
target for therapeutics. 
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Additional summaries 


Genetic Epigenetics 
Posttranslational modifications of histone 
proteins have been implicated in the regulation 
of gene transcription in organisms ranging from 
yeast to humans. However, epigenetic regula- 
tors can modify multiple proteins. By mutating 
specific histone sites in Drosophila, Pengelly et 
al. (p. 698) demonstrate that mutation of lysine 
27 of histone H3 
causes the same 
transcriptional 
defects as those ob- 
served in mutants 
lacking the meth- 
yltransferase PRC2 
that modifies this 
H3 residue. These 
results demonstrate 
the functional im- 
portance of H3-K27 
methylation in Polycomb repression. Further- 
more, this genetic approach may be applied to 
investigating numerous other metazoan-specific 
histone modifications. 
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Acid-Derived Diversity 


Compounds with nitrogen-bearing rings have 
proven rather promising in pharmaceutical 
research, spurring the need for improved 
synthetic methods to access structurally diverse 
variants of this motif. Duttwyler et al. (p. 678) 
show that applying acids of different strengths 
to a dihydropyridine intermediate leads to selec- 
tive protonation at either of two sites, depend- 
ing on whether the reaction proceeds under 
kinetic or thermodynamic (that is, equilibrated) 
control. The protonations in turn activate the 
rings for addition of various carbon nucleophiles 
to the periphery, thereby affording multiple 
different substitution patterns for use in 
screening studies. 


Impact Dating 


The large mass extinction of terrestrial and 
marine life—most notably, non-avian dino- 
saurs—occurred around 66 million years ago, 
at the boundary between the Cretaceous and 
Paleogene periods. But attributing the cause to 
a large asteroid impact depends on precisely 
dating material from the impact with indicators 
of ecological stress and environ- 
mental change in the rock record. 
Renne et al. (p. 684; see the 
Perspective by Palike) acquired 
high-precision radiometric dates 

of stratigraphic layers surrounding 
the boundary, demonstrating that 
the impact occurred within 33,000 
years of the mass extinction. The 
data also constrain the length of 
time in which the atmospheric car- 
bon cycle was severely disrupted 
to less than 5000 years. Because the climate 
in the late Cretaceous was becoming unstable, 
the large-impact event appears to have 
triggered a state-shift in an already stressed 
global ecosystem. 


Parainfluenza 5 and MDA5 


Our immune system and the viruses that infect 
us are in a constant arms race, with one side 
always trying to outwit the other. One example is 
the inhibition of host protein MDAS, a member 
of the retinoic acid—inducible gene 1 (RIG-I)—like 
receptor (RLR) family of innate immune sensors, 
by the V protein expressed by parainfluenza virus 
5 (PIVS). To better understand how this inhibition 
is accomplished, Motz et al. (p. 690, published 
online 17 January) solved the crystal structure 

of PIV5 V protein bound to the adenosine tri- 
phosphatase (ATPase) domain of porcine MDAS. 
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This analysis, together with mutational studies 
using mouse and human versions of MDAS, 
revealed that the V protein unfolds the ATPase 
domain of MDAS and replaces two strands of 
this domain’s structural core. These changes 
disrupt the ATPase hydrolysis site and prevent 
the formation of filaments by MDA5, which are 
important for transmitting downstream signals 
that activate antiviral immunity. Mutation of 
just two amino acids in RLR family member 
RIG-I also rendered this receptor susceptible to 
V protein—mediated inhibition. 


Sweet Enough to Flower 


In making the developmental switch from 
vegetative growth to flowering, plants integrate 
diverse information, including photoperiod, 
hormone signals, and carbohydrate status. Wahl 
et al. (p. 704; see the Perspective by Danielson 
and Frommer) analyzed the physiology of the 
signaling sugar trehalose-6-phosphate (T6P) 

in Arabidopsis. Quantities of T6P cycle in daily 
rhythms that peak toward the end of the day. 
T6P levels in the shoot apical meristem mirrored 
sucrose levels. Disruption of T6P production also 
disrupted expression of the FLOWERING LOCUS 
T gene, which responds in leaves to day length 
and generates signals that direct the meristem 
to initiate flowering programs. T6P production 
also affected the signaling pathway that links 
the age of the plant to flowering. By incorpo- 
rating requirements for T6P signaling in the 
flowering induction pathways, the plant ensures 
that adequate carbohydrate reserves have been 
accumulated. Thus, T6P regulates the shift to 
flowering by linking carbohydrate status to day 
length in the leaves and to developmental age 
in the shoot apical meristem. 
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Investing in Distant Rewards 


WOULD YOU SPEND MONEY TODAY TO MAKE THE WORLD A SUBSTANTIALLY BETTER PLACE FOR YOUR 
children and grandchildren? Most of us would. But what if the benefit would accrue only to 
your great-great-great-great-grandchildren, not born until the 22nd century? That’s an awfully 
distant time horizon for most people. Many would probably spend today’s resources on more 
immediate concerns. 

Economists model this preference as a “social discount rate,’ a form of reverse compound 
interest that assesses future benefits or catastrophes as exponentially less important than imme- 
diate ones. Mathematical arguments favor this model over several alternatives. But when applied 
to the question “How much should we spend today on basic science research?”, the model often 
gives the answer “Not much!” This is because the returns from basic research, although possibly 
large, can be quite distant. Reverse compound interest thus knocks out the returns. But, I argue 
here, exponential discounting is both mathematically and practically 
inappropriate when applied to basic science. Also, importantly, the pub- 
lic appears to know instinctively why it does not apply. 

In its broad range, from useful incremental advances to world- 
changing discoveries, scientific research exhibits what statisticians call 
a “heavy-tailed” probability distribution. Such distributions have the 
property that more important events are only mildly less probable, a so- 
called power law. A consequence is that rare events can have truly huge 
magnitudes, in comparison to typical ones. The discovery of penicillin 
was no typical incremental advance, and the confluence of fundamental 
discoveries in quantum mechanics and atomic structure that led to mod- 
ern electronics was surely world-changing. Yet both occurred in a sin- 
gle century. Science’s heavy tail allows us to expect even greater future 
discoveries, even though we can’t predict when they will occur. (Less 
grand but more easily quantified surrogate statistics such as research 
publication or patent citation frequencies are also heavy-tailed.) 

How should the rational investor think about investing in a heavy-tailed opportunity? 
It is mathematically unlike any conventional investment with a knowable annual return on 
investment. Formally, the return is divergent in that the longer you make continuous invest- 
ments, the greater will be your effective return. Invest long enough, and your return will 
eventually overtake any doubter’s exponential discount, thus justifying your patient invest- 
ment. The mathematical opposite of “gambler’s ruin’”—losing everything on a run of bad 
luck—heavy-tailed investments exhibit “patient investor’s bounty,” in which one stays in the 
game to reap large, rare returns. 

The U.S. public appears to understand this concept intuitively, without needing the formal- 
ism of mathematical arguments. The evidence is indirect but convincing. Polls show that in the 
United States, the public ranks science as one of the most prestigious occupations, along with 
firefighters, doctors, nurses, teachers, and military officers.* Thus, science is in the company of 
professions whose benefit to people is immediate. Yet, when I ask nonscientists about the bene- 
fits of science, few give answers that imply the short time horizons that motivate most economic 
activity. They like science because, among other things, it can lead to longer, healthier lives; 
protect the planet and feed humanity; and channel and empower the natural idealism of young 
people; and it satisfies a basic human need to understand the world. 

The public recognizes science as having long-term, often idealistic, goals, yet accords 
scientists a level of respect otherwise reserved for “immediate helper” occupations. The 
combination suggests an instinctive understanding of heavy-tailed distributions and the 
patient investor’s bounty. Put differently, the public realizes that the beauty and benefits of 
science are inseparable as a single long-term enterprise. Elected public officials worldwide 
would do well to listen to this particular wisdom of crowds. — William H. Press 


10.1126/science.1235227 


*www.harrisinteractive.com/vault/Harris-Interactive-Poll-Research-Pres-Occupations-2009-08.pdf. 
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EVOLUTION 


Sweet Potatoes Get Around 


The origins of the sweet potato and its movement with hu- 
mans have long been debated. This is because the sweet 
potato originated in South and Central America, but some 
evidence suggests that it was found in Polynesia during 
pre-Columbian times, indicative of contact between 
these human populations at this early time. Roul- 
lier et al. have used genetic markers in modern and 
herbarium specimens to infer the movements of this 
crop across the world. Two distinct gene pools were 
discovered in the northern and southern regions of 
the neotropics; in addition, recent interbreeding and 
movement between these two distinct gene pools 
could be detected. On the basis of herbarium specimens 
collected across the globe, there was evidence that the ma- 
jority of lineages in Polynesia were initially derived from South 
America during pre-Columbian times. However, modern Oceanic populations appear to be 
primarily from the northern region population, which suggests a more recent reintroduction; 
although evidence of mixing with South American populations was also detected. This mixing 

has led to the generation of local varieties and phenotypes, obscuring some historical movements 
of plant germplasm, and provides more definitive evidence of early human contact between Oceania 


and South America. — LMZ 


BIOMEDICINE 
Doxorubicin Revisited 


Doxorubicin (Dox) is a chemotherapeutic drug 
with efficacy in many cancers, yet after 40 years 
of clinical use, there are lingering mysteries about 
its mechanism of action. The prevailing hypothesis 
is that Dox forms a complex with topoisomerase 

Il, a DNA-unwinding enzyme, and this leads to 
DNA strand breaks that induce cell cycle arrest. 
Although much evidence supports this model, 

not all data are consistent with it. New insights 
into Dox’s cellular effects could help optimize its 
antitumor activity, reduce its adverse side effects, 
and/or help oncologists identify which patients are 
most likely to respond to the drug. 

Denard et al. propose that the membrane- 
associated transcription factor CREB3L1 plays a 
key role in Dox’s antitumor activity. In 
cultured cells, Dox increased synthesis 
of the lipid ceramide, which in turn 
caused proteolytic activation of CREB3L1 
and its entry into the nucleus, where it 
increased transcription of cell cycle— 
inhibitory genes. When CREB3L1 levels 
were experimentally suppressed, cancer 
cells became resistant to Dox. These 
results suggest that CREB3L1 may be a 
biomarker of Dox-responsive cancer cells 
or even a druggable target itself. — PAK 

eLife 1, e00090 (2012). 


Proc. Natl. Acad. Sci. U.S.A. 110, 10.1073/pnas.1211049110 (2013). 


IMMUNOLOGY 
T Cells Stay FIT During Flu 


Immunological memory is critical for keeping 
us from getting sick from many pathogens for a 
second time. For example, infection with chicken 
pox usually confers lifelong immunity. Tissue- 
resident memory CD8* T cells are a key popula- 
tion that is responsible for this protection. By 
being poised at sites of pathogen entry, such 

as the lung, they can quickly kill virus-infected 
cells. But what protects these cells from virus- 
induced cell death so that they can carry out 
their duties? Wakim et al. revealed that during 
influenza infection in mice, the antiviral protein 
IFITM3 affords such protection to lung, CD8* 
memory T cells. IFITM3 is expressed specifically 
by resident CD8* memory T cells in the lung, and 
cells deficient in 
IFITM3 did not 
survive well in 
response to sec- 
ondary infection 
with influenza 
as compared 

to controls. 
Moreover, mice 
whose lung- 
resident CD8* 
memory T cells 
were deficient in 


IFITM3 were more susceptible to infection with 
influenza. These results suggest that the selec- 
tive expression of an antiviral factor in memory 
T cells allows the host to protect itself against 
subsequent viral infection. — KLM 

Nat. Immunol. 14, 10.1038/ni.2525 (2013). 


PHYSICS 
Hastatic Order 


Phase transitions are usually associated with 

the breaking of symmetry; the colder phase is 
generally more ordered than the hotter one. 
Normally, it is easy to deduce which symmetry is 
broken. A rare exception to that rule is the heavy 
fermion compound URu,Si,, which forms a 
mysterious phase below 17.5 K, known as “hid- 
den order,” that is yet to reveal its true nature 
in spite of intense experimental and theoretical 
efforts. Inspired by recent experimental findings, 
Chandra et al. propose that the exotic state 
breaks not only the time reversal symmetry (as 
is the case in magnetism), but also the doubly 
applied time reversal symmetry. This hastatic 
order is achieved through the hybridization of 
conduction electrons with the f-orbital states of 
uranium, which leads to the mixing of states of 
integer and half-integer spin, the latter ones 
causing the peculiar behavior. The theory makes 
testable predictions, and whether or not future 
experiments confirm that this is the correct 
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description of the hidden order in URu,Si,, it 

describes an attractive mechanism that may be 

at work in other similar compounds. — JS 
Nature 493, 621 (2013). 


EVOLUTION 
Getting a Big Head 


Brain size correlates roughly with intelligence. 
So, assuming that more intelligence gives a 
selective advantage, what limits the size of our 
heads? To see if bigger brains are better and 
what the tradeoffs might be, Kotrschal et al. 
experimentally addressed the effects of selec- 
tion for brain size in guppies (Poecilia reticu- 
lata). After only two generations of selection, 
the authors obtained populations of fish whose 
brains were larger or smaller than normal and 
differed from one another by about 10%. The 
big-brained female fish (but not the males, 
for some unknown reason) were better than 
those with smaller brains at a task where the 
fish associated the number of symbols (two 
or four) with a food reward. The cost of the 
increased brain power was a decrease in 
the size of the gut and a decrease in 
reproductive function. The brain 
is very active metabolically, 
and thus its growth must be 
balanced against the cost of 
maintaining other processes 
in the organism. The offset- 
ting effect on reproductive 
function is consistent with 
interspecies comparisons 
in which more intelligent 
mammals, such as humans, 
whales, and dolphins, have 
decreased fertility. — LBR 
Curr. Biol. 23, 168 (2013). 


EDUCATION 
Stats for Scientists 


Most science students receive their math instruc- 
tion through the math department. Not surpris- 
ingly, math professors teach the math itself, 
without describing how it could be applied in a 
scientific setting. What would happen if instead, 
science departments began teaching core math 
skills in the context of science curriculums? 
Schlotter suggests that in chemistry, this ques- 
tion can be evaluated once a statistics curricu- 
lum addressing the specific needs of chemistry 
majors has been established. The main chal- 
lenge in developing such a curriculum is to truly 
keep topics to a core minimum; a difficult task 
considering that the availability of computers 
and software has not only increased the amount 
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and frequency of routine statistical tests, but has 
also put a larger emphasis on students needing 
to understand how, and when, to apply statisti- 
cal concepts appropriately. Although a tradeoff 
exists in removing chemistry topics from the cur- 
riculum to make room for statistics instruction, 
Schlotter argues that without it students will 
have little more understanding of statistical tests 
than where to find the buttons on their calcula- 
tors. A draft version of a statistics curriculum for 
chemists is presented, and Schlotter welcomes 
comments from the science community. — MM 
J. Chem. Educ. 90, 51 (2013). 


ASTRONOMY 
Pulsing with History 


Understanding the history of our galaxy depends 
on having precise measurements of the proper- 
ties of its stars. This has only been possible for 
stars that are within around 300 light-years from 
Earth, but as Miglio et al. demonstrate, advances 
in asteroseismology—the study of the interior 
structure of stars through the analysis 
of their pulsations—mean 
that this limitation can 
now be overcome. 
The authors 
combined color 
measurements 
from the Two 
Micron All Sky 
Survey with 
pulsation 
data from 
the CoRoT 
(Convection 
Rotation and 
Planetary Transits) 
space telescope to 
obtain the radii, masses, 
distances, and ages of a 
sample of just over 2000 red giant stars. These 
are stars that do not burn hydrogen in their cores 
any more and that, as a result, have expanded 
and cooled down; the Sun is expected to become 
a red giant star in about 5 billion years. The 
analysis shows that the stars in the sample 
spread across nearly 50,000 light-years over 
two separate regions in the disc of our galaxy 
and that their ages range from 0.3 to 12 billion 
years, spanning the entire history of the Milky 
Way. The two regions show significantly different 
mass distributions. The region higher below the 
galactic plane has a larger fraction of low-mass 
and hence older stars, supporting the idea that 
dynamical processes in the disc increase the 
velocity dispersion of stars over time. — MJC 
Mon. Not. R. Astron. Soc. 429, 423 (2013). 
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Naka, Japan 1 


Assembly Starts on the JT-60SA 
Fusion Reactor 


Japan and the European Union last week 
started assembling the JT-60SA, an experi- 
mental nuclear fusion device. JT-60SA 

will supplement research using ITER, the 
international fusion reactor now under con- 
struction in France that will hopefully dem- 
onstrate the feasibility of producing more 
energy from fusion than is used to produce 


it. The new machine’s predecessor, JT-60, 
had been the workhorse of Japan’s fusion 
research since the mid-1980s. Upgrading it 
became an international project under the 
E.U.-Japan Broader Approach, part of the 
deal that sent ITER to Europe. JT-60SA 
features superconducting coils that will 
magnetically confine the superhot plasma 
needed for fusion for up to 100 seconds, 
generating data and experience useful for 
optimizing ITER operations, says Yutaka 
Kamada, a plasma physicist with the Japan 
Atomic Energy Agency. The first assem- 
bly step was placing the components of a 
12-meter-diameter, 250-tonne base that 


were fabricated in Spain. Originally sched- 
uled to come online in 2016, the $450 mil- 
lion reactor faced a redesign to reduce costs 
and then was further delayed by procure- 
ment problems and the March 2011 Tohoku 
earthquake. Kamada says they now aim to 
start operations in 2019. 


Sofia 2 
Reshuffle in Science Leadership 


After months of protests by scientists and 

a government report that found corruption 
and mismanagement of funds, Bulgaria’s 
Prime Minister Boyko Borissov has shaken 
up leadership at the country’s ministry of 
research and education, sacking research 
minister Sergei Ignatov and 
Hristo Petrov, the head of 

the Bulgarian National Sci- 
ence Fund (BNSF). Hundreds 
of scientists had protested 
BNSF’s latest round of fund- 
ing decisions in November 
and December. After a gov- 
ernment probe confirmed 
long-running accusations that 
the ministry had hired people lacking the 
required qualifications and that the grant 
review process was prone to corruption, 
Borissov asked for and received the officials’ 
resignations on 28 January. A few days later, 
he nominated the president of the Bulgarian 
Academy of Sciences, Stefan Vodenicharov, 
to replace Ignatov. Emil Horozov, a math- 
ematician at Sofia University who helped 
organize the protests, says that the depar- 
tures are “a very good sign,” but says the 
law governing the ministry also needs to be 
overhauled to prevent future corruption. As 
Science went to press, the parliament was 
expected to vote on Vodenicharov’s appoint- 
ment on 6 February. 


Timbuktu, Mali 3 
Manuscripts Escaped Burning 


Thousands of historical manuscripts, initially 
thought destroyed when Islamic fundamen- 
talists fled Timbuktu as French and Malian 
troops retook the city on 28 January after 


9 months of occupation, have in fact survived. 


Islamic militants burned down Timbuktu’s 
Ahmed Baba Institute of Higher Learning 
and Islamic Research, which opened in 2009, 
and burned what they could find, according 
to reports from journalists and researchers 
within the country. But that amounted to only 
about 5% of the library’s original collection 
of 30,000 manuscripts—many had already 
been hidden away by archivists who ear- 

lier fled to Mali’s capital, Bamako, while a 
cache was stored within an older building on 
the other side of town, says Susana Molins- 
Lliteras, a historian at the University of Cape 
Town in South Africa and a researcher at the 
Cape Town—based Tombouctou Manuscripts 
Project, which helped construct the library 
building. http://scim.ag/timbukman 


Cape Town 4 


New TB Vaccine Fails in Large 
Infant Study 

Hopes that the experimental tuberculosis 
vaccine MVA85A would boost the benefits 
of a partially effective 90-year-old TB vac- 
cine known as BCG have been met with dis- 
appointment. BCG offers some protection to 
infants against serious forms of the disease, 
but it has a checkered success in preventing 
infection with Mycobacterium tuberculosis 
and the common lung ailments it causes. A 
study, published online on 4 February in The 
Lancet, of nearly 3000 infants who live in a 
rural area near Cape Town reveals that those 
who received both vaccines had roughly the 
same amount of new infections and disease 
as infants in a control group who received 
only BCG. On the upside, the investigators 
noted that MVA85A was safe, and that adults 
have a stronger immune response to the vac- 
cine than do infants, holding out the prospect 
that it may work in older populations. This 
was the first efficacy trial of a TB vaccine in 
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infants in more than 45 years. Now, groups 
such as the nonprofit Aeras (based in Rock- 
ville, Maryland) and the Wellcome Trust— 
both of which funded the study—have 
teamed up with academia and industry to 
aggressively address BCG’s shortcomings. 


Tokyo, 5 
Research Loses—And Wins 


At first glance, the Japanese ministry of edu- 
cation’s 2013 science and technology budget, 
approved on 29 January, looks grim for sci- 
entists, with a decline in research spending 
of 3.3% to $13.2 billion. But two-thirds of 
the reduction reflects the transfer of nuclear 
safety research to a new regulatory agency. 
And a stimulus package adopted last month 
also more than makes up for cuts in some 
programs. For example, the budget includes 
a $42 million cut for large research facili- 
ties such as the K supercomputer and the 
SPring-8 synchrotron, but those facilities will 
receive $299 million in stimulus spending. 
The new budget showers money on a few 
programs that received hefty chunks of money 
from the stimulus, too, such as the commer- 
cialization of regenerative medicine, includ- 
ing the use of induced pluripotent stem cells, 
and drug discovery—in line with the new 
government’s goals of supporting innovative 
research that will have an economic payoff and 
spending on hardware to immediately boost 
the economy. Support for investigator-driven 
research is holding steady, with funding for 
grants to individual scientists and small groups 
up amere 0.5% to $2.5 billion. 


NEWSMAKERS 


NSF Director Named President 
Of Carnegie Mellon University 


The director of the National Science Foun- 
dation is leaving the $7-billion agency to 
president of 
Carnegie Mellon Uni- 
versity. Subra Suresh, 
an engineer and materi- 
als scientist, told NSF 
staff members this 
week that he will depart 
at the end of March and 
take up his post at the 
Pittsburgh, Pennsylvania, institution on 
1 July. He will have served less than half of 
a 6-year term that began in October 2010. 
As has become standard practice for 
Obama appointees, Suresh announced 
5 his departure in a lengthy letter that listed 
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Honoring the Best and Brightest 


Twelve researchers and 11 inventors gathered in the East Room of the White House 
on 1 February to receive the U.S. federal government's highest honor for research- 
ers: the National Medal of Science and the National Medal of Technology and Inno- 
vation. Pictured here are Medal of Science winners (left to right) physicist Sidney 
Drell of Stanford University; biologist Leroy Hood of the Institute for Systems Biol- 
ogy; astronomer Sandra Faber of the University of California, Santa Cruz; chemist M. 
Frederick Hawthorne of the University of Missouri; physicist Sylvester James Gates Jr. 
of the University of Maryland, College Park; mathematician Solomon Golomb of the 
University of Southern California; and physicist John Goodenough of the University 
of Texas (UT), Austin. The five other Medal of Science winners are chemist Allen Bard 
of UT Austin, biologist Sallie Chisholm of the Massachusetts Institute of Technology, 
mathematician Barry Mazur of Harvard University, biologist Lucy Shapiro of Stanford 
University, and psychologist Anne Treisman of Princeton University. Technology and 
Innovation Medal winners ranged from an inventor studying astronomical phenom- 
ena in the ultraviolet to the retina surgeon who invented LASIK eye surgery. President 
Barack Obama praised the group, noting that “it’s clearer than ever that our future as 
a nation depends on keeping that spirit of curiosity and innovation alive in our time.” 


his many accomplishments. He has paid 
particular attention to expanding NSF’s 
international footprint, integrating research 
and education across the foundation, and 
encouraging NSF-funded scientists to think 
harder about the commercial potential of 
their discoveries. As one of three agen- 
cies targeted for major increases as part 

of a proposed 10-year doubling of federal 
support for the physical sciences, NSF has 
benefited from bipartisan support from 
Congress despite increasing pressure to 
trim overall spending. 


Lubchenco Earns Spanish 
Research Prize 

Marine scientist Jane Lubchenco has won 
the €400,000 Frontiers of Knowledge 
Award in Ecology and Conservation Biol- 
ogy, bestowed on 5 February by the Madrid- 
based BBVA Foundation. Lubchenco, who 
will head the U.S. National Oceanic and 
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Atmospheric Administration until the end of 
this month, was distinguished for work that 
advanced “understanding of coastal ecosys- 
tems and laid the scientific groundwork for 
the design of marine reserves.” 

Lubchenco joins six other 2012 winners 
announced earlier this year. Atmospheric 
chemist Susan Solomon of the Massa- 
chusetts Institute of Technology (MIT) 
received an award for contributing to “the 
safeguarding of our planet.” Electrical 
engineer Lotfi A. Zadeh of the University 
of California, Berkeley, was distinguished 
for inventing fuzzy logic. Mathematicians 
Ingrid Daubechies of Duke University 
and David Mumford of Brown University 
were jointly rewarded for contributions to 
data compression and pattern recognition. 
Chemist Douglas Coleman of The Jackson 
Laboratory in Maine and physician Jeffrey 
Friedman of The Rockefeller University in 
New York City shared an award for further- 
ing our understanding of obesity. 
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FINDINGS 
Comb Your Antennae 


Counterintuitively, perhaps, cockroaches 
are quite fastidious, especially when it 
comes to their antennae, which the insects 
clean often, grabbing one with a front leg 
and drawing it through their mouths. Now, 
at last, we know why: When restrained 

or prevented from grooming, Ameri- 

can cockroaches develop a shiny, waxy 
buildup on the antennae that clogs the 
tiny pores that lead to odor-sensing cells. 
Measurements of the electrical activity in 
those cells in response to sex-attractant and 
food odors showed that the gunk inter- 
feres with the roach’s sense of smell, the 


Science Fg 


Next week, Science will be reporting from 
the AAAS Annual Meeting in Boston. Visit 


team reported online on 4 February in the 
Proceedings of the National Academy of 
Sciences. The insects appear to produce 
wax continuously, likely to keep from dry- 
ing out, and grooming helps remove the 
excess wax as well as dust and other for- 
eign chemicals that land on the antennae 
and get trapped in the gunk. When they 
can’t groom, carpenter ants, houseflies, 
and German cockroaches also suffer from 


BY THE NUMBERS 

93 Number of recently published 
micro-RNA articles, out of 127, that 
did not comply with data-sharing 
guidelines, according to an analy- 
sis published this month in Clinical 
Chemistry. 


$100 million Amount of fund- 
ing provided by the National Foot- 
ball League players union for a 
10-year research project at Harvard 
Medical School to reduce the impact 
of on-the-field injuries and improve 
the long-term health of players. 


1,000,000 Number of Twit- 
ter followers of astrophysicist Neil 
deGrasse Tyson, who Time called 


http://scim.ag/aaas_2013 for breaking 


news, podcasts, and live video chats. one of the world’s most influential 


tweeters in 2011 and 2012. 


gunk overload, suggesting that fastidious- 
ness is widespread. 
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A Kingdom for a Hearse? 


Where a medieval Franciscan monastery once stood in Leicester, U.K., 
there is now a humble parking lot—which concealed a historical trea- 
sure. Human remains found there are “beyond reasonable doubt” those 
of England’s much-maligned monarch Richard III, scientists announced 
on 4 February at a press conference. 

Richard III (inset) died at age 32 at the Battle of Bosworth Field, a 
battle that ended the bloody civil war known as the Wars of the Roses 
and established the House of Tudor as the next English dynasty. Last 
summer, archaeologists excavating the monastery, demolished in the 
16th century and long rumored to be Richard III's final resting place, 
dug up a skeleton in a small grave. The individual was male, in his 
late 20s to late 30s, and had a feminine build, squaring with historical 
sources, osteoarchaeologist Jo Appleby of the University of Leicester said 
at the press conference. 

Scientists extracted DNA from the teeth and a thigh bone and com- 
pared it to mitochondrial DNA from two known living relatives of the 
king, both descendants of his sister, Anne of York. It was a match, said 
geneticist Turi King of the University of Leicester at the press conference. 

It's “a spectacular find and a great bit of research,” says battle 
archaeologist Tony Pollard of the University of Glasgow in the United 
Kingdom. But, says Ross Barnett, an expert on ancient DNA at the Centre 
for GeoGenetics at the Natural History Museum of Denmark in Copen- 
hagen, “my preference would have been for this to have occurred in 
tandem with publication of a peer-reviewed paper.” 

Richard III will be reinterred at Leicester Cathedral probably early 
next year, the mayor of Leicester said. http://scim.ag/richiii 
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HE ARCHAEOLOGISTS DISCOVER HUMAN REMAINS. THE 
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ENERGY RESEARCH 


Chu's Legacy at DOE: Some 
Fields Gain, Others Falter 


Steven Chu, the first Nobel-winning scien- 
tist to lead the sprawling U.S. Department 
of Energy (DOE), has rarely been at a loss 
for words during his 4 years in office. So it 
wasn’t surprising that his 3800-word letter of 
resignation last week contained a sweeping 
description of the department’s accomplish- 
ments and a look ahead. 

“The Department has made significant 
progress in breaking down the walls between 
our basic science and applied science pro- 
grams,” Chu wrote in a letter touting a major 
effort to expand research programs aimed at 
developing new, cleaner energy technologies. 
And that demolition is likely to stand as one 
of Chu’s major achievements, department 
watchers say. “You’ve got to give him credit 
for a nimbler, more forward leaning organi- 
zation that is trying to respond to some of the 
big hairy problems out there,” says William 
Madia, vice president at Stanford University 
for DOE’s SLAC National Accelerator Labo- 
ratory in Menlo Park, California. 

That shift, which includes the successful 
launch of DOE’s Advanced Research Projects 
Agency-Energy (ARPA-E), also reflects the 
priorities of President Barack Obama. “With- 
out a doubt, the secretary has been in synch 
with the administration on energy,” remarks 
James Decker, a lobbyist in Washington, D.C., 
who was principal deputy director of the Office 
of Science from 1985 to 2006. “He’s done his 
best to support basic research related to energy. 
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And then there are programs that don’t neces- 
sarily support that as directly. In tough budget 
times, those become tough choices.” 

At the same time, Chu gets mixed grades 
for his political skills. Observers say his pro- 
fessorial style sometimes played poorly in 
fights with Congress over the administration’s 
plans to kill a national nuclear waste dump in 
Nevada and the bankruptcy of DOE-backed 
green energy companies. “It hasn’t been an 
easy time,” says Paul Alivisatos, director of 
DOE’s Lawrence Berkeley National Labora- 
tory in California, which Chu ran before com- 
ing to DOE. “The issue of energy has been a 
political football.” 

Chu’s letter asks that his tenure be judged 
“not by the money we direct ... but by the 
character of our decisions.” Notwithstand- 
ing that request, many scientists will rate 
him on his stewardship of the nation’s sin- 
gle biggest funder of the physical sciences, 
DOE’s $4.9 billion Office of Science. And 
the record suggests he was largely unsuc- 
cessful in preventing flat budgets that are 
forcing painful retreats in several fields that 
have been DOE strengths. 

Chu arrived in Washington as the new 
Obama administration was cobbling together 
its response to the 2008 global financial melt- 
down. And the $787 billion stimulus pack- 
age approved in February 2009 gave DOE an 
unprecedented $37 billion windfall. 

Although most of the money was ear- 
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Visionary? Chu, seen here trying out a three- 
dimensional visualization display, set DOE research 
on a new course. 


marked for industry subsidies, there was also 
$1.6 billion for projects at DOE’s national labs 
and $400 million for ARPA-E. That money 
was seen as part of a bipartisan promise for 
a 10-year doubling of federal funding for the 
physical sciences. 

After Republicans reclaimed the majority 
in the House of Representatives after the 2010 
elections, however, their top priority was to 
clamp down on federal spending in hopes of 
reducing the trillion-dollar annual deficits. As 
a result, DOE spending on basic research has 
remained essentially flat during Chu’s tenure, 
rising 1.2% to $4.87 billion. 

That stagnation has forced some painful 
tradeoffs. Budgets in DOE’s particle phys- 
ics, nuclear physics, and fusion research pro- 
grams have flat-lined, and major facilities in 
those fields are under threat. DOE officials 
have called for closing a fusion experiment 
at the Massachusetts Institute of Technol- 
ogy in Cambridge, for instance, to help pay 
for the United States’ 2013 contribution to 
the $23 billion international fusion experi- 
ment ITER, in Cadarache, France (Science, 
30 March 2012, p. 1553). Nuclear physicists, 
meanwhile, are facing the possible closure of 
the last US. particle collider, at Brookhaven 
National Laboratory in Upton, New York 
(Science, 1 February, p. 498). 

In contrast, budgets have grown—some- 
times by 10% or more—in those basic 
research programs with close links to devel- 
oping things like new biofuels, advanced 
materials, or high-performance computing. 
Those shifts had begun before Chu arrived, 
but observers credit him for accentuating and 
accelerating the changes. 

These changes of direction within the 
Office of Science were accompanied by new 
initiatives elsewhere. In 2009, he obtained the 
department’s first funding for ARPA-E, which 
Congress created in 2007 to jump-start work 
on risky but commercially promising energy 
technologies. Despite bipartisan support in 
Congress, however, ARPA-E’s annual budget 
of $275 million falls far short of Chu’s dream 
of a billion-dollar agency. 

Chu also started a suite of “Energy Inno- 
vation Hubs” to allow researchers from many 
fields to focus in on key issues in energy 
research, such as producing fuels from sun- 
light or building more energy-efficient build- 
ings. Chu has won approval for five centers, at 
$120 million each over 5 years, although the 
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number of hubs and their funding levels are 
less than he had aimed for. 

Some lawmakers have been critical of 
another DOE effort to speed new energy 
technologies into the marketplace by hav- 
ing the government guarantee the repay- 
ment of private loans to companies. When 
several firms heavily backed by DOE went 
bankrupt—most notably a solar panel maker 
named Solyndra—Republicans in Congress 
accused Chu of having wasted public money 
by trying to pick “winners and losers.” His 
defense of the program was seen as weak, 
even by some allies. 

Some members of Congress have also 
complained about the administration’s deci- 
sion to kill the long-planned Yucca Moun- 
tain repository in Nevada for nuclear waste 
from commercial reactors. Critics of the 2010 
decision—including governors who fear their 
states will now be asked to take the waste— 
have sued to overturn the decision. But Chu 
has steadfastly said there is no going back, and 
last month DOE released a plan that calls for 
creating two temporary storage sites by 2025 
and a permanent facility by 2048. 

In his letter, Chu claims to have made 
“historic progress” on another waste issue— 


GULF OIL SPILL 
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Growth curves. Energy- 
related research and com- 
puting flourished during 
Chu’s tenure, while fusion, 
nuclear, and high-energy 
physics stagnated. 
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cleaning up the contamination created by 
decades of nuclear weapons manufacture. 
He also notes that he’s taken a hands-on role 
with a DOE-created expert panel in trying to 
resolve problems surrounding a controversial, 
$12 billion plan to immobilize weapons waste 
at DOE’s Hanford nuclear site in Washington 
state, “typically devoting 5-10 hours a week 
that include nights and weekends.” 

But Chu acted only after whistleblow- 
ers attracted the attention of reporters and 


he did so by forming 
a secret panel of sci- 
entists that operated 
behind closed doors.” 
At the same time, Car- 
penter and other environmentalists give Chu 
kudos for his efforts to defend climate change 
science and his hands-on approach to finding 
a fix for the 2010 Deepwater Horizon oil spill 
in the Gulf of Mexico. 

In his letter of resignation, Chu wrote that 
“T would like to return to an academic life of 
teaching and research.” It is unlikely it will be 
as tumultuous as his tenure in Washington. 

-ADRIAN CHO AND DAVID MALAKOFF 

With reporting by Robert F. Service. 
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BP Research Dollars Yield Signs of Cautious Hope 


NEW ORLEANS, LOUISIANA—Here’s an unfa- 
miliar group of victims hard hit by the 2010 
Deepwater Horizon oil spill tragedy: insects 
and spiders. When the scope of the Gulf of 
Mexico blowout became clear, ecologist 
Linda Hooper-Bui of Louisiana State Univer- 
sity (LSU) in Baton Rouge and her graduate 
student Xuan Chen raced to add sites to their 
study of coastal wetlands. Kick-started by a 
rapid grant from the National 
Science Foundation, they dis- 
covered that insects and spi- 
ders were few and far between 
in the oiled marshes. “I would 
call it devastation,’ Hooper- 
Bui says. The experiments have 
also shown—to her surprise— 
that insects continued to die in 
unusually high numbers even a 
year later, perhaps due to vapors 
from the oil. 

That unexpected toll was just 
one of the new results described 
at an unusual interdisciplinary 
conference held here late last 
month. The event was the first 
public meeting of Gulf of Mex- 


ico Research Initiative (GOMRI), a nonprofit 
organization that is disbursing $500 million 
donated by oil giant BP to scientists over 
10 years. The peer-reviewed grants cover a 
broad range of areas, such as the modeling 
of ocean currents, the chemistry of oil dis- 
persants, and the biological impact of petro- 
leum. “GOMRI money is stimulating a huge 
pool of scientists to study oil spills in the 


Ominous, Insects 
in cages-continue to 
die injoiled marshes: 
Elsewhere; recovery 
fares better. 


Gulf,’ says geochemist Christopher Reddy 
of the Woods Hole Oceanographic Institu- 
tion (WHOJ) in Massachusetts. 

Many of the researchers got their grants 
from GOMRI just a year ago, so results were 
often preliminary. But, in general, the find- 
ings sketched a picture of ecosystems begin- 
ning to recover from one of the world’s 
largest marine releases of hydrocarbons. 
“The scars are diminishing,” 
says Charles “Chuck” Wilson, 
GOMRI’s chief scientific offi- 
cer. In large part, he explains, 
that is thanks to microbes that 
evolved in the Gulf to break 
down the oil and gas that 
emerge from natural seeps in 
the gulf; they feasted when 
the broken wellhead spewed 
almost 5 million barrels of 
crude and untold amounts of 
methane into the sea. But sci- 
entists emphasized that much 
remains to be learned. It’s still 
unclear, for instance, “what the 
long term impacts of the oil in 
the deep-water Gulf will be,” 
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notes Scott Eustis of the nonprofit Gulf Res- 
toration Network in New Orleans. 

A major emphasis is figuring out the 
details of where the oil went—a full one- 
quarter of the estimated release is still unac- 
counted for—where it remains, and the 
toxicity of these residues. LSU ecologist 
Eugene Turner reported that sediments in 
coastal marshes still contain 1000 times the 
background level of aromatic hydrocarbons, 
although levels are decreasing very slowly. 
“There is a lot still out there,” he says. 

One hope is that new instruments will 
reveal previously undetected components 
of weathered oil. Several presentations dis- 
cussed the use of a relatively new tech- 
nique called Fourier transform ion cyclotron 
resonance mass spectrometry. 
Christoph Aeppli, a postdoc at 
WHOI, used it to identify so- 
called recalcitrant oxygenated 
hydrocarbons in tarballs collected 
from beaches. Traditional meth- 
ods would have missed more than 
one-half of the compounds, says 
Reddy, who predicts that, “with 
time, you are going to see the field 
of oil spill science be completely 
changed” by such methods. 

More oil is probably contained 
in a chocolate-brown layer on 
the seafloor. This fluffy gunk can 
be several centimeters thick and 
might have been deposited in what 
some researchers call a “dirty 
blizzard” of marine snow (dead 
microorganisms or plankton that 
accrete into large globs and sink). 
In recent lab experiments, a team 
led by biological oceanographer 
Uta Passow of the University of 
California, Santa Barbara, showed 
that, in the presence of oil, bacte- 
ria can create this snow solely with 
their own secretions and without larger par- 
ticles from other organisms. “This is a totally 
new mechanism,” she said at the meeting. 

Although some corals were coated with 
the oily snow, the broader impact on seafloor 
organisms isn’t clear. But if the blizzard was 
composed of bacteria that were feeding on 
hydrocarbons from the blowout, the sticky 
microbes could have helped clean the water 
column of oil droplets and fine sediment as 
they sank. Passow’s experiments also showed 
that low concentrations of the oil dispersant 
Corexit—which was used to break up the 
spill—inhibited bacterial formation of marine 
snow. “That’s huge,” says biogeochemist 
Samantha Joye of the University of Georgia in 
Athens, because it means the dispersant may 
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have made things worse by impeding the Gulf 
microbes’ natural ability to break down oil. 
Passow, who hadn’t studied oil spills before 
2010, says: “I was really shocked about how 
little we know about oil in the system.” 

To help create more effective dispersants, 
GOMRI is funding other projects to bet- 
ter understand how they work at a molecu- 
lar level. Courtney Ober, a Ph.D. student in 
chemical engineering at Auburn University 
in Alabama described research on develop- 
ing “smart” particles of dispersant coated 
with water-insoluble polystyrene that dis- 
solves in oil. Such a formulation might 
reduce the amounts of dispersants needed 
to break up a spill and reduce the chemicals’ 
impacts on organisms. 


Slick. Hundreds of small drifters have traced currents 
in the Gulf of Mexico, helping to improve computer 
models of how oil spills may spread. 


Other GOMRI researchers want to be 
able to do a better job of predicting where 
currents will push oil slicks. During the Gulf 
spill, responders lacked good data on cur- 
rents and so had trouble figuring out where 
best to locate booms to prevent oil from 
reaching marshes and beaches. To improve 
computer models, a project called the Con- 
sortium for Advanced Research on Trans- 
port of Hydrocarbon in the Environment, 
directed by the University of Miami’s Tamay 
Ozgékmen, designed inexpensive GPS- 
enabled drifters to track so-called subme- 
socale currents, on the scale of 100 meters 
to 10 kilometers. Last August, researchers 
released a dense array of 317 drifters, the 
most ever released in a single deployment, 
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and gathered months of data. 

Another big concern is the spill’s long- 
term impact on wildlife and the ecosys- 
tems. Much of this research is being done 
to inform the federal government’s effort to 
put a price tag on the damage caused by the 
spill, and it will remain confidential until a 
settlement or judgment is reached with BP 
and the other companies responsible for the 
spill. “Until the data are released, we’re only 
seeing a bit of the elephant,” says Edward 
Overton of LSU. “The amount of knowledge 
is going to explode.” 

Meanwhile, researchers are getting pieces 
of the picture from studies such as Hooper- 
Bui’s look at wetland insects and surveys of 
various marine communities. Geochemicst 
Isabel Romero of the University of 
South Florida (USF), St. Peters- 
burg reported that total levels of 
polycyclic aromatic hydrocarbons 
in deeper-water fishes, such hatch- 
etfish, increased 10-fold from 
2007 to 2011. The levels contin- 
ued to rise in 2011 and haven’t 
declined yet. “There is still oil in 
the system and it is still affecting 
the fish,” she says. 

A brighter note came from 
Steven Murawski of USF St. 
Petersburg who reported that skin 
ulcers and lesions declined signifi- 
cantly in shallower-water fish in the 
northern Gulf of Mexico in 2012. 
But it has been difficult to sort out 
how the spill may have affected 
overall fish populations. One major 
confounding factor is that officials 
closed many commercial fisheries 
during the spill—perhaps helping 
stressed populations to rebound. 
A study of blue crab numbers, 
for example, found no decline in 
2010 and a big increase in 2011. 
That “really surprised” study leader Joseph 
Neigel, a population geneticist at the Uni- 
versity of Louisiana, Lafayette. Survey data 
showed similar increases for six species of fish 
and a decrease for just one. “It’s hard to draw 
a lot of firm conclusions, because marine pop- 
ulations are notoriously stochastic,” he says. 

Researchers have 8 more years of GOMRI 
funding to help answer questions, along with 
other, longer-term payouts related the spill 
that BP and other firms are making to the 
U.S. National Academies and other groups 
(Science, 30 November 2012, p. 1137). “It 
was a terrible accident,” says Margaret Leinen 
of Florida Atlantic University. But it has pro- 
vided “‘a once in a lifetime opportunity to look 
at the Gulf?’ —-ERIK STOKSTAD 
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GLOBAL CHANGE 


Forecasting Regional Climate Change Flunks Its First Test 


The strengthening greenhouse is warming 
the world, but what about your backyard, or 
at least your region? It’s hard to say, climate 
researchers concede. Modelers have sharp- 
ened their tools enough to project declining 
grape yields in a warmer, drier California 
wine country and to forecast that the Mediter- 
ranean region will be getting drier in coming 
decades. But just how reliable such localized 
projections might be remains unclear. 

Now, a group of global, rather than 
regional, modelers has tested a widely used 
regional model by simulating climate change, 
not just static past climate. That’s how these 
researchers say all regional models should be 
tested, but aren’t. Preliminary results show 
that the model improved little if at all on the 
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fuzzy view of future climate provided by a 
globe-spanning model. More such testing “‘is 
something that the [regional modeling] com- 
munity needs to do to get its act together,” 
says global climate modeler Gavin Schmidt 
of NASA’s Goddard Institute for Space Stud- 
ies (GISS) in New York City who was not 
involved in the work. 

Regional modeling was the natural next 
step for climate modelers. To predict next 
week’s weather, much less the next century’s 
climate, models have to take in the whole 
planet. But after several decades of develop- 
ment, those planet-scale models still couldn’t 


provide detailed, reliable climate projections 
for, say, West Texas versus East Texas. So 
modelers began embedding a detailed, higher 
resolution climate model spanning, for 
example, much of North America, ina global 
climate model. The global model would cal- 
culate broad changes and feed them into the 
embedded regional model, which would then 
compute more-detailed (and, presumably, 
more-accurate) simulations of smaller atmo- 
spheric features, such as storms and fronts, 
as well as better rendering of the atmospheric 
effects of surface features such as coastlines 
and mountains. 

But was regional modeling doing any bet- 
ter than global modeling at making regional 
predictions? Pavan Racherla, Drew Shindell, 
and Gregory Faluvegi, 
all of GISS, tackled the 
question while doing 
regional modeling 
for a climate impacts 
study. “The first thing 
we wanted to do was 
evaluate the [model] 
output,” Shindell says. 
“That’s what we do 
with [global] models.” 
But they found that 
regional modelers were 
checking model perfor- 
mance only when simu- 
lating climatology, the 
average climate for a 
given period of time. 
“That was strange,” 
Shindell says. “The 
key thing we look at is 
climate change. That 
hasn’t been the stan- 
dard in regional climate 
modeling.” 

If a regional model 
does a better job simulating climatology, 
the three wondered, will it also do a bet- 
ter job forecasting climate change? To at 
least begin to find out, they considered a 
widely used regional model—the Weather 
Research and Forecasting (WRF) model— 
embedded in the global GISS-ModelE2 
over the continental United States. They 
simulated the climate of two periods, 1968 
through 1978 and 1995 through 2005, to 
see how WRF did at simulating climatol- 
ogy. Then they subtracted the earlier period 
from the later one to see how WRF handled 
climate change. 
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Too blue. When simu- 
lating fall precipitation 
(above, left), a regional 
model was mostly too 
wet and when simu- 
lating daily maximum 
temperatures (left) it 
was too cool. 


WRF did not shine. “Skill capturing cli- 
matology does not translate into skill cap- 
turing climate change,” Shindell concludes, 
echoing the group’s paper of late last year 
in the Journal of Geophysical Research: 
Atmospheres. “There is modest improve- 
ment over the [global] model, but it’s not 
so large.” And most of that improvement 
came only when the global model was peri- 
odically allowed to “nudge” the wandering 
regional model back toward a more realistic 
broad-scale pattern of climate. 

The GISS group does not identify why 
WRF failed to improve significantly on their 
global model, but Shindell suspects it has 
something to do with what the two kinds 
of models are best at. Climatology is deter- 
mined mainly by the interplay of the land, sea, 
and topography with the atmosphere, which 
is regional models’ forte, he says, but those 
aren’t changing. Climate change, on the other 
hand, progresses by changes in physical prop- 
erties such as the migration of jet streams, 
changes in cloud cover, and shifts in precipi- 
tation patterns, which a global model handles 
pretty well on its own. 

Other researchers say the GISS group 
has tackled a problem that has too long been 
neglected. “It’s an intriguing, very thought- 
provoking paper,” says climate scientist Rob- 
ert Wilby of Loughborough University in the 
United Kingdom. “It’s a first step that’s to 
be applauded.” But it’s far from a knockout 
punch to regional modeling. Instead, “it really 
highlights how tricky it is to show the value 
added” by regional modeling, Wilby says. 

Regional modeler Lai- Yung Ruby Leung 
of Pacific Northwest National Laboratory in 
Richland, Washington, agrees. “The ques- 
tions they ask are the right questions, but 
it would be much better if done in a mul- 
timodel experiment,” she says: Different 
models in different combinations could 
identify model strengths to be exploited and 
weaknesses to be avoided. 

Leung is a co—principal investigator 
of the North American Regional Climate 
Change Assessment Program (NARCCAP), 
which ran six regional models in 12 possible 
combinations with four global models. But 
the climate changes of recent decades were 
so small and the natural variations of climate 
so large, NARCCAP models were not tested 
against past climate change as the GISS team 
did. That, Leung says, is really a job for a 
larger, more international program. 

—-RICHARD A. KERR 
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INTELLECTUAL PROPERTY 


Supreme Court to Review the Scope 
Of Monsanto's Seed Patents 


Vernon Hugh Bowman, a 75-year-old farmer 
from Indiana, is heading to the U.S. Supreme 
Court this month to challenge the agribusi- 
ness giant Monsanto over its “Roundup 
Ready” soybeans, one of the biggest sell- 
ing products of agricultural biotechnology. 
The fight centers on the company’s patented 
genes, which enable plants to grow even after 
being treated with the widely used weed killer 
Roundup (glyphosate). The key issue is where 
DNA patents end: Do they apply to the seeds’ 
entire progeny, or just to seeds sold under 
license? Bowman argues that patents don’t 
apply to unlabeled seeds he got from a grain 
elevator. Monsanto says they do. 

Two lower courts have sided with Mon- 
santo. The U.S. government agreed, ask- 
ing the Supreme Court last year not to hear 
this case. But the justices took it up anyway, 
scheduling oral arguments for 19 Febru- 
ary. Bowman and his supporters argue that 
accepting Monsanto’s view would effec- 
tively give the company a monopoly on all 
U.S. soybean planting, make every farmer 
a potential patent infringer, and raise food 
costs. Monsanto counters that if it cannot 
control planting of any seeds containing its 
patented genes, it would lose patent rights 
(and revenues) as soon as a new product is 
introduced. Monsanto believes that a deci- 
sion to support Bowman would “devastate 
innovation in biotechnology.” 

At this writing, 23 amicus briefs have 
been filed. Patent law groups have lined up 
3 behind Monsanto, as have farm organiza- 
2 tions, agriculture research groups, and the 
5 Biotechnology Industry Organization. Five 


from long-time adversaries of Monsanto and 
genetic engineering—the Center for Food 
Safety in Washington, D.C., and the Berlin- 
based Save Our Seeds. The nonprofit Public 
Patent Foundation of New York City, which 
will argue for a ban on human gene patents in 
acase before the Supreme Court in April, also 
backs Bowman. 

As Bowman tells it, he got into this fight 
because of his “dumb tightwad” method 
of farming. He grows wheat and soybeans 
in Knox County, Indiana, on more than 
240 hectares that belong to his family. In 
1999 he tried an experiment. After the first 
harvest, he often plants a second crop, but he 
doesn’t like to invest a lot of money in it, he 
says, because heat, drought, and floods are 
more likely in late summer. To get a good sec- 
ond crop, you need to plant twice as many 
seeds. For his first planting, Bowman bought 
Monsanto-licensed seeds and followed all the 
rules, which permit planting for a single har- 
vest. For the second planting, he bought cheap 
“commodity seeds”—generally sold for 
industrial use or animal feed—from a grain 
elevator. Such “junk seeds,’ Bowman figures, 
are less than one-fifth the cost of licensed 
seeds. It is “illegal” under federal and Indi- 
ana laws to sell unlabeled seeds for planting, 
Bowman admits. But he argues that nothing 
forbids a farmer from planting them. 

When Bowman’s second crop came up 
in 1999, he treated it with glyphosate, just 
like the first crop. This chemical kills plants 
by blocking an enzyme needed for growth. 
Bowman’s second crop flourished because 
most of the seeds from the elevator contained 
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Monopoly beans? Nearly all U.S. soybeans carry 
patented genes, but a farmer says he shouldn't need 
permission to plant them. 


growth enzyme that isn’t blocked by glypho- 
sate. This technology is so popular that nearly 
all soybeans grown in the United States con- 
tain Roundup Ready genes. Bowman sold 
some of his second-crop seeds back to the 
elevator and kept some for planting. 

Bowman claims that he wrote to Mon- 
santo and its licensee, Pioneer Hi-Bred, sev- 
eral times. But he says they never told him 
not to plant commodity seeds. He adds: “In 
all the literature that Monsanto put out, there 
was never one word about getting seed from 
an elevator.’ Monsanto sued him for patent 
infringement in 2007. A U.S. federal court 
ruled against Bowman in 2009, assessing 
damages of $84,456.30 plus costs. An appeals 
court affirmed the decision in 2010. Bowman 
appealed to the Supreme Court. 

In its brief to the Supreme Court, Mon- 
santo claims that Bowman knew exactly 
what he was doing when he sprayed glypho- 
sate on his second crop—he was selecting for 
Roundup Ready plants. Although the com- 
pany maintains a large staff to find cheat- 
ing farmers, it says it does not sue those who 
“inadvertently” plant Roundup Ready seeds, 
for instance, through accidental cross pollina- 
tion or mixing of seeds. It is illegal to deliber- 
ately “make” a patented technology without 
a license, the company says. Bowman argues 
that nature made the plants. 

The brief by the Center for Food Safety 
and Save Our Seeds argues that Monsanto 
is trying to dominate the seed industry by 
expanding the reach of its patents. It also 
alleges that by prohibiting experimental 
planting of its seeds, it has “suppressed inde- 
pendent scientific research on the potential 
impacts of transgenic crops.” Innovation will 
suffer, it argues. 

On the contrary, argues the brief of a non- 
profit bioindustry group in New York City., 
called BayhDole25: Innovation would suffer 
if the court does not uphold Monsanto’s claims 
on commodity seeds. And revenues from pat- 
ent licenses would dry up without such pat- 
ent protection, reducing support for continued 
research and development. The BayhDole25 
group dismisses as “disingenuous” Bowman’s 
argument that Monsanto’s rules apply only to 
his first crop. And it suggests that he was using 
the grain elevator as a way to “launder” viola- 
tions of the patent agreement. 

Bowman plans to file a final response brief 
in the case this week; the court is expected to 
deliver a decision by June. 

—-ELIOT MARSHALL 
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Giant Marine Reserves 


Pose Vast Challenges 


Huge no-fishing zones might save widely traveled tuna and other 
species, but monitoring their effectiveness—and enforcing catch 


bans—uwill require new approaches 


HERNDON, VIRGINIA—On a typical work- 
day, Alyson Kauffman pores over oceano- 
graphic data streaming into her computer 
from all over the world, including maps of 
plankton concentrations and water tempera- 
tures. Then, the analyst at GeoEye, a satellite 
company headquartered in this Washington, 
D.C., suburb, sends reports to her clients, 
who are fishing vessel captains at sea. Each 
report highlights otherwise invisible “hot 
spots” where they might find concentrations 
of valuable species such as tuna and sword- 
fish. “Our job is to make fishing vessels more 
efficient,” she says. 

A growing number of those hot spots, 
however, are becoming off- 
limits to such high-tech fish kill- 
ers. Over the past 6 years, the 
United States, Australia, and 
the United Kingdom have cre- 
ated huge marine reserves that 
have banned fishing in more than 
1.9 million square kilometers 
of ocean—an area equivalent to 
the size of Mexico. And more 
“megareserves” are on the way, 
with nations seriously consid- 
ering plans to ban fishing in an 
additional 3.6 million square 
kilometers of marine habitat over 
the next few years (see map). 


Unlike an older generation of preserves that 
mostly focused on small patches of coral or 
coastal fish stocks, these vast new sanctuaries 
are designed to protect high-seas ecosystems 
that include fish and other animals that rou- 
tinely wander over huge territories. 

The trend delights conservation scien- 
tists who are worried about overexploitation 
of the world’s oceans. The reserves “are a 
real game-changer,” says fisheries scientist 
Daniel Pauly of the University of British 
Columbia, Vancouver, in Canada. Fishing 
fleets now have technology that allows them 
to penetrate even remote, deep waters that 
once “served as refuges for a lot of fish,” he 


Eye in the sky. Satellite images designed to help fishermen could 
also be used to spot poachers. 


No go. New reserves are off-limits to commercial 
fishing boats, such as this tuna seiner in Micronesia. 


notes. “There’s an urgent need to replace 
them with big, manmade protected areas.” 

Giant reserves are also posing unprece- 
dented challenges to scientists and policy- 
makers, however. Researchers are struggling 
to design and fund studies that will enable 
them to monitor changes over vast areas 
and determine whether the reserves are 
actually helping to rebuild marine popu- 
lations. And managers are trying to figure 
out how they can affordably enforce fish- 
ing bans in remote waters. Some environ- 
mentalists, meanwhile, fear that the push 
to create megareserves could become a 
charade if nations are allowed take credit 
for conservation without actually giving 
the new sanctuaries real protection. 


The big three 

Three giant reserves have so far attracted 
most of the attention. In 2006, then-President 
George W. Bush designated some 362,000 
square kilometers around the Northwestern 
Hawaiian Islands as a U.S. Marine National 
Monument in which all exploitation would 
be banned. The United Kingdom followed 
in 2010 by creating a much bigger reserve 
around the Chagos Islands in the Indian 
Ocean. Last year, Australia banned all fish- 
ing in much of the Coral Sea—at 989,842 
square kilometers, the biggest no-take zone 
in the world. 

Of the trio, only the Chagos Islands 
reserve had been heavily fished—primarily 
for tuna. Most of those stocks are now 
depleted, and conservationists hope the 
sanctuary will help restore them. But com- 
mercial fishers—who largely opposed the 
creation of the reserve—have their doubts. 
Speedy tuna can travel great distances, notes 
Julio Moron of OPAGAC, the Spanish tuna 
fleet association headquartered in Madrid, 
so even a megareserve will have “have 
negligible effects on the pelagic [open- 
ocean] ecosystem,” he predicts. 

Mainstream marine biologists are more 
optimistic. Studies in the nearby Pacific have 
found that tuna there don’t necessarily swim 
vast distances, so some scientists believe that 
some Chagos tuna could spend their entire 
lives inside the nearly 1000-kilometer-wide 
preserve. “Tuna don’t migrate randomly,” 
says Heather Koldewey, a geneticist at the 
Zoological Society of London. “They stay 
near seamounts, islands, upwellings, and 
good feeding grounds—and the Chagos pro- 
vide all these.” Bruce Collette, a senior scien- 
tist at the Smithsonian Institution’s National 
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Museum of Natural History in Washing- 
ton, D.C., predicts that Chagos stocks could 
“reach a density not seen on Earth in many 
decades.” And tuna won’t be the reserve’s 
only beneficiaries, adds marine ecolo- 
gist Charles Sheppard of the University of 
Warwick in Coventry, U.K. “The tuna ban 
also stops the loss of sharks, billfish, sea- 
birds, and turtles” that tuna fishers once 
killed unintentionally. 


A monitoring challenge 

Proving that the reserve is helping tuna and 
other species, however, could be difficult. 
Prior to the ban, researchers relied largely 
on catch data to make population estimates. 
Now, with fishing boats banned there, they 
are exploring alternatives. 

On a cruise through the Chagos reserve 
late last year, for example, research- 
ers tested some electronic eyes that 
can count creatures without killing 
them. Jessica Meeuwig, a quantita- 
tive ecologist at the University of 
Western Australia in Perth, suspended 
in midocean a crosslike device with 
two cameras pointed at a bag of bait 
designed to attract fish. The cam- 
eras record for 3 hours, enabling the 
researchers to “determine what spe- 
cies are present, their relative abun- 
dance, and their size,” she says. And 
by returning to study sites repeat- 
edly over time, researchers should 
ultimately be able to determine if the 
populations are, in fact, increasing. 

Biological oceanographer 
Andrew Brierley of the University 
of St. Andrews in the United King- 
dom has taken a complementary 
approach, using a state-of-the-art echo 
sounder to survey the waters around 
Meeuwig’s cameras for fish and other 
animals. The sonar data “will tell us how 
representative the pictures are of that part of 
the ocean,” he says. 

Sanctuary managers, meanwhile, are 
trying to get their arms around how best 
to prevent poaching within their vast 
domains, which can take days to cross in 
ships. One option, using satellite imag- 
ery and data to spot poachers, is getting 
a close look in studies funded by the Pew 
Environment Group of Washington, D.C. 
“Satellite sensing is not cheap, but it’s a 
lot cheaper than sending [an airplane] to 
patrol a big area,” says John Amos, presi- 
dent of SkyTruth, a nonprofit organization 
based in Shepherdstown, West Virginia, 
that is exploring the idea. He believes com- 
panies like GeoEye that help fishers find 
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their catches now produce imagery that is 
detailed enough to help identify vessels 
that are breaking the law. (GeoEye officials 
say they would be ready to help.) 


Mega-expansion 

The enforcement challenge could soon get 
bigger. Five more giant no-take reserves 
are now on the drawing boards, notes Jay 
Nelson, director of Pew’s Global Ocean Leg- 
acy program, which has played a major role 
in promoting the idea. They include efforts 
to protect the United Kingdom’s Pitcairn 
Islands and Bermuda, the Kermadec Islands 
of New Zealand, and Chile’s Easter Island. 
“The time to create large, well-protected 
marine reserves is before they’re targeted by 
the industrial fishing fleets,’ Nelson says. 
“Ten years from now will be too late.” 


A Fleet of New Protected Areas 
C) Existing reserve, no fishing 
© Proposed reserve, no fishing 


© Existing reserve, allows fishing 
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Still, the public and the press may need to 
carefully scrutinize any new grand marine 
conservation claims to avoid misunder- 
standings. For instance, President Anote 
Tong of the Pacific island nation of Kiribati 
won several environmental prizes after 
he created the 408,000-square-kilometer 
Phoenix Islands Protected Area in 2008. 
He has repeatedly called it “a fully pro- 
tected marine park, ... off limits to fish- 
ing and other extractive uses.” But, in 
fact, fishing is forbidden in just 3% of 
the reserve, which is located in the Cen- 
tral Pacific, home to the world’s last major 
tuna stocks. In the rest of the reserve, just 
as in the rest of the Central Pacific, fish- 
ing by foreign fleets has continued at 
a pace that regional fisheries scientists 
have warned is excessive. This was news 


Published by AAAS 


NEWSFOCUS 


to the administrators of the Hillary Insti- 
tute of International Leadership awards in 
New Zealand and the U.S. Peter Benchley 
Ocean Awards, who said that they thought 
the whole reserve was fully protected when 
they gave awards to Tong last year. Current 
plans, developed with the assistance of 
the nonprofit Conservation International 
in Arlington, Virginia, call for increas- 
ing the total no-take area to 25% of the 
Phoenix reserve in 2014. “Because of its 
strategic location, it could play an impor- 
tant role conserving tuna if all of it became 
a no-take area,” Pauly says. 

Similar fine print accompanies some 
other recent announcements of mega- 
reserves. This past summer, the Cook 
Islands announced that it would create 
the world’s biggest marine park, covering 
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1 million square kilometers of the south- 
ern Pacific. New Caledonia quickly 
trumped that with the announcement of a 
1.4-million-square-kilometer preserve. 

Neither, however, plans to restrict fishing. 
Still, conservationists are pleased 
that nations are thinking big. If nothing 
else, megareserves that ban fishing can 
be cost-effective, notes Ashley Strub, a 
fisheries economist at the University of 
British Columbia, Vancouver. Her research 
has found that a small reserve can cost 
100 times more per square kilometer to set 
up and administer than a giant one. But big 
reserves don’t necessarily replace small 
ones, she adds. “Coastal and small-island 
reserves protect different species than open- 

ocean ones,” she says. “You need both.” 
—CHRISTOPHER PALA 
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PROFILE: JOHN SHEA 


Archaeologist Hammers Away 
At ‘Modern’ Behavior 


Stone tools suggest that the earliest modern humans were as smart as we are— 
they just had different problems to solve, an archaeologist argues 


STONY BROOK, NEW YORK—One day in the 
late 1980s, an alarmed secretary at Harvard 
University called campus police. An appar- 
ently crazed young man had cornered a deer 
in the courtyard of the university’s Peabody 
Museum and was hurling spears at it. Once 
on the scene, however, the police established 
that the deer was dead when it arrived on 
campus, and that archaeology graduate stu- 
dent John Shea was simply doing research: 
He was trying to understand how striking a 
large mammal damaged stone points. 

That episode, says then-fellow Harvard 
grad student Daniel Lieberman, was a prime 
example of “John Shea being John Shea.” 
It demonstrates Shea’s hands- 
on, take no prisoners approach 
to prehistory, says Lieberman, 
who is now a paleoanthropolo- 
gist at Harvard. “John is always a 
little on the edge. ... He doesn’t 
just sit back in the lab and ponder 
the Paleolithic, he tries to under- 
stand it on its own terms.” 

Shea, now at New York’s 
Stony Brook University, has 
remained on archaeology’s cut- 
ting edge despite his reputation 
for occasional outrageousness. 
His stone tool studies have 
helped archaeologists identify 
how stone points were used, and 
he has documented the sophis- 
ticated toolmaking skills of 
the oldest known Homo sapi- 
ens. More recently, Shea has 
been doing his best to shake up 
human origins research with a 
radical proposal: That the idea 
of “behavioral modernity”—a 
term long used by scientists to 
describe behaviors such as the 
use of symbolism, art, and elab- 
orate tools—should be thrown 
into the scrap heap. 

Shea argues that the first 
H. sapiens about 200,000 years 
ago had cognition fully equal 
to ours today. Instead of study- 
ing how our species gradually 
acquired “modernity,” he urges 


analyzing our “behavioral variability,” or 
the number of different ways we adapted 
to changing conditions. “The concept of 
modernity has been like a security blanket,” 
Shea says. “But it’s a 19th century model, 
the idea that evolution is directional and 
ends with us modern humans. It’s an embar- 
rassment, and we don’t need it anymore.” 
Although many researchers agree that 
the concept of modernity has lost much of its 
usefulness, many are less eager to embrace 
Shea’s proposed alternative. “The traditional 
concept of behavioral modernity does need 
to be replaced,” says archaeologist Curtis 
Marean of Arizona State University, Tempe, 


Making his point. | 

John Shea thinks modern 
humans were cognitively 
advanced long before they 
etched'this piece of ochre 
(inset) 77,000 years ago. 


who calls Shea “a major figure” in the field. 
But “I am unconvinced that John’s behav- 
ioral variability is the correct replacement.” 


Awild child 

The young man who brought a woodland 
creature to a Harvard courtyard was himself 
a child of the forest. Shea grew up in eastern 
Massachusetts, the oldest of three sons born 
to working class parents of Irish and French 
ancestry, and spent his early years hiking 
and fishing in nearby woods. “Mom and Dad 
would have been perfectly happy if I worked 
in a factory,” says Shea, whose stocky body 
seems ready-made for manual labor. But 
a local biology teacher, seeing his love of 
nature, encouraged him to go to college. 

In high school, Shea became interested in 
flint knapping, and while an undergraduate 
at Boston University, he perfected his tech- 
nique so that he could fashion a hand ax ina 
matter of minutes. “It was instant gratifica- 
tion, and you can do it outdoors.” 

Shea’s proficiency at making stone tools 
spurred his success as an archaeologist, says 
his Stony Brook colleague John 
Fleagle. “He has a deep appreci- 
ation of the effort that goes into 
the creation of different kinds 
of tools, and he is less bound by 
abstract typology and closer to 
the perceptions of the prehistoric 
people who made them.” 

Indeed, it was in part his flint- 
knapping talents, Shea says, that 
won him a spot as a graduate 
student at Harvard. Yet Shea 
feels that he never really fit in 
there. “Academia requires you to 
think before you talk, whereas I 
talk before I think.” 

Shea’s self-critique is shared 
by many colleagues, although 
not all view it negatively. “He 
often comes up with outlandish 
ideas and just blurts them out,” 
says Harold Dibble, an archaeol- 
ogist at the University of Penn- 
sylvania. Dibble recalls one 
conference where graduate stu- 
dent Shea “shocked most of the 
archaeologists in the 
room” by arguing that 
impact fractures on a 
common type of stone 
artifact showed that 
they had been used as 
projectile points. That 
idea is now widely 
accepted. “This is 
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intelligent people,” Dibble says. “They are 
not afraid to be wrong and enjoy throwing 
out ideas and seeing what happens.” 


The road from modernity 

The turning point in Shea’s thinking about 
modernity came around 2002, when he, 
Fleagle, and others reopened excavations at 
Omo Kibish in Ethiopia. Back in the 1960s, 
Richard Leakey’s team had found H. sapiens 
fossils at this site, and the new team redated 
those fossils to 195,000 years ago, making 
them the oldest known modern humans. 

Many researchers had long perceived an 
apparent gap between when humans started 
to look modern in anatomy and when they 
started acting modern, as shown by their 
stone tools and other artifacts. But Shea was 
sitting at the site one day, looking at stone 
points the team had found, when he had an 
epiphany. The points “were very well made, 
nothing primitive about them at all—they 
were like what I would make to show off,’ he 
recalls. “Suddenly it hit me right in the head. 
These were people just like me. They just had 
different challenges to face.” There was no 
sense trying to track these humans’ progres- 
sion to modernity, Shea says, because they 
already were modern. 

To test this insight, Shea undertook a 
broad study of African stone tools. In a 2011 
paper in Current Anthropology, entitled 
“Homo sapiens Is as Homo sapiens Was,” 
Shea analyzed stone tools from 10 sites in 
Africa associated with either H. sapiens or 
its immediate ancestors, dated from 284,000 
to less than 7000 years ago. If the moder- 
nity concept was correct, Shea argued, there 
should be significant behavioral differences 
over time, with younger sites having more 
types of stone tools—showing specific and 
flexible adaptations to the environment—as 
well as more sophisticated tools overall. 

Instead, Shea found that with just 
one exception, the oldest modern humans 
in Africa used just as wide a variety of 
stone tools as later humans of the early 
Upper Paleolithic period—tlong considered 
the time when modern behavior began to 
flourish—whose tools fell into four widely 
accepted types. 

Shea concluded that early H. sapiens 
were as cognitively advanced as those today. 
Differences in the most ancient artifacts 
did not reflect a different level of cognition 
in their makers, but simply the need to cre- 
ate objects to suit different environmental 
and social conditions. Indeed, fully modern 
people haven’t always used “sophisticated” 
tools. For example, 40,000 years ago the 
first Australians used relatively simple tools 
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compared with the spectacular artifacts of 
the European Upper Paleolithic (EUP) of the 
same time. 

Shea noted that traditional definitions of 
“modernity” were biased by lists of artifacts 
characteristic of the EUP, such as stone 
blades, tools made of carved bone, per- 
sonal ornaments, and cave paintings. He 
decided that the concept of “modernity” 
could no longer be used as a guide to 
understanding modern humans, who 
first emerged in Africa more than 
150,000 years earlier. 

Indeed, a decade before Shea’s 
article, an influential paper had 
warned against defining “moder- 
nity” with EUP behaviors. In 2000, Sally 
McBrearty of the University of Connecti- 
cut, Storrs, and Alison Brooks of George 
Washington University in Washington, 
D.C., argued that modern human behav- 
ior had deep roots in Africa long before 
H. sapiens colonized Europe (Science, 
15 February 2002, p. 1219). Other research- 
ers have noted that symbolic and artistic 
behaviors flicker in and out of the record 
tens of thousands of years before becoming 
permanently established, perhaps because of 
demographic rather than cognitive factors 
(Science, 9 April 2010, p. 164). 

But Shea’s critique “is probably the most 
comprehensive to date,” says archaeolo- 
gist James O’Connell of the University of 
Utah in Salt Lake City. Shea argues that no 
one set of behaviors—such as art—proves 
advanced cognition. Thus, he remains unim- 
pressed by discoveries that some others see 
as milestones of “modern” behavior, such as 
77,000-year-old pieces of ochre with etched 
patterns from Blombos Cave in South 
Africa, sometimes heralded as the earli- 
est art (Science, 11 January 2002, p. 247). 
Shea thinks the Blombos people created 
those etchings because that was their style, 
not because they suddenly had become able 
to think abstractly for the first time. “What, 
were the Blombos people retarded?” Shea 
asks rhetorically. “That’s a pretty pessimis- 
tic view of early humans, that scratching a 
rock with a tic-tac-toe pattern is some kind 
of threshold of cognition.” 

Shea seems confident that his assault on 
behavioral modernity will end up killing 
off what he sees as a fatally flawed concept. 
“Sally and Alison led the way,” he says of 
McBrearty and Brooks. “They wounded the 
beast; I’m cutting off its head and putting it 
on a stick.” 

But Brooks says that the concept still 
has advantages: “It implies an evolution- 
ary trajectory, which variability does not.” 
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Tooling up. Shea bases his 
arguments on stone tools, 
such as these drawings of 
projectile points. 


Thus, she sees key differences 
between the etched ochre at 
Blombos and the South African 
site of Pinnacle Point, 100,000 
years earlier, which has ochre but 

no etchings. 

Other researchers are giving Shea’s new 
ideas qualified praise. “Unlike modernity, 
the concept of behavioral variability is quan- 
tifiable and amenable to statistical analysis,” 
says archaeologist Metin Eren of the Univer- 
sity of Kent in the United Kingdom. All the 
same, O’Connell says, the research commu- 
nity “will need to hear more before buying 
in.” Dibble agrees: “The problem is how to 
test” Shea’s idea. 

Some testing has already begun. In a 
paper published last month in the Jour- 
nal of Archaeological Science, Eren’s team 
analyzed variability in the use of a special- 
ized technique for producing stone flakes— 
placing a stone core on an anvil and striking 
it with a hammer instead of performing this 
task in midair—at the Mumba Rockshelter 
in Tanzania. The team found that the use of 
this technique came and went over time, and 
that it was more likely to have correlated with 
changing climate and demographic factors 
than any cognitive “revolutions.” 

Shea and Fleagle are planning more 
tests: They have just received grants to 
return to Omo Kibish to compare behav- 
ioral variability between older and younger 
archaeological layers, and hope to start 
next year. “We’re focusing on the actual 
properties of the archaeological record,” 
Shea says, rather than searching for elusive 
signs of modernity, “which is just a meta- 
phorical construct.” 

—-MICHAEL BALTER 
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CLIMATE CHANGE 


Losing Arable Land, China Faces 
Stark Choice: Adapt or Go Hungry 


To ensure food security, China is racing to develop new cultivars of staple grains 


that thrive in a warmer world 


YUCHENG, CHINA—Hou Ruixing weaves 
his way through plots of winter wheat, 
stopping beneath an infrared heater sus- 
pended from wooden crossbars. The make- 
shift lamp and others arranged at 15-meter 
intervals at Yucheng Integrated Agricultural 
Experimental Station are simulating cli- 
mate change by nudging up the thermom- 
eter an extra 1.6°C—the average annual 
temperature increase that models predict 


as flood control, drought, wind erosion, 
and soil alkalinity. To this list of concerns, 
researchers have now added climate change 
and its potential impact on grain yields. 
“We want to know how crops will reflect 
global warming,” says Tao Fulu, an agricul- 
tural meteorologist at the Institute of Geo- 
graphic Sciences and Natural Resources 
Research of the Chinese Academy of Sci- 
ences in Beijing. 


Hard row to hoe. Warming is expected to trigger more episodes of heat stress that can sterilize the pollen of 
China’s most important staple grain: rice. 


will take hold here by 2030. Hou, a gradu- 
ate student who lives 8 months a year on sta- 
tion grounds, points at two rows of wheat, 
explaining how traditional hand tilling and 
machine tilling trap different amounts of 
heat and water in the soil. “There are many 
experiments in the lab,” Hou says. But noth- 
. ing beats testing how 

0 al | | al a new cultivars perform 

‘ in the field. 
sciencemag.org For half a century, 
Podcast interview Chinese scientists 
® with author . 

Christina Larson (http:// have been flocking to 
scim.ag/pod_6120). this spot on the east- 
ern rim of the North 
China Plain, China’s breadbasket, to probe 
pressing agricultural questions. The region 
just north of the Yellow River is ground zero 
for tackling food-security challenges such 


Across the globe, scientists and policy- 
makers are studying how climate change 
will affect agriculture. But in China, the 
question is especially urgent. The country 
has roughly 20% of the world’s population 
but only 7% of its arable land—a share that 
is shrinking in the face of rapid urbaniza- 
tion. From 1998 to 2006, more than 860,000 
hectares of arable land were swallowed up 
by cities each year on average, according 
to data from China’s Ministry of Land and 
Resources. Changing dietary habits, mean- 
while, are fueling a rapid rise in food con- 
sumption. Accompanying the expansion of 
China’s middle class is a growing appetite 
for meat, which heaps more pressure on land 
and water resources. In 1978, China’s total 
meat consumption was 8 million tons, but 
by 2012 it had ballooned to 71 million tons, 
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according to the Earth Policy Institute, a 
think tank in Washington, D.C. In 2011, one- 
third of China’s total grain harvest was con- 
verted to feed for livestock and aquaculture. 

Climate change could exacerbate the 
fallout. According to the Chinese govern- 
ment’s Second National Assessment Report 
on Climate Change in 2011, rising sea levels 
are likely to threaten China’s eastern rice- 
growing regions by 2050, about the time that 
eight provinces in the north expect to face 
severe water shortages. 

Already, annual mean temperatures 
near Yucheng rose 0.8°C between 1955 and 
2011, according to China Meteorological 
Administration (CMA) records. The uptick 
is felt most in winter and spring—coinciding 
with the growing season for winter wheat, 
the region’s most important staple crop. 
Charting how warming affects various 
plant growth stages, from seed maturation to 
flowering to maturity, is “very important 
to understanding the impact of climate 
change,” Tao says. 

His group has discovered that contrary to 
conventional wisdom, rising temperatures in 
China’s heartland are translating into shorter 
overall growing periods. Although warming 
accelerates the early stages of wheat growth, 
the length of the reproductive period—the 
phase spanning flowering and maturity— 
remains roughly the same for cultivars now 
commonly grown in the region. Tao and oth- 
ers are trying to tease out what that means 
for future yields, which are determined by 
grain number multiplied by the weight of 
each grain. “The number of grains is deter- 
mined in the middle of the season, while 
the weight of each grain is determined dur- 
ing the reproductive phase,” explains David 
Lobell, an agricultural scientist at Stanford 
University’s Center on Food Security and 
the Environment in Palo Alto, California. 
At Yucheng, Lobell suggests, faster growth 
may mean fewer grains, spelling lower 
yields. Unless, that is, researchers develop 
cultivars better suited to the changing condi- 
tions, Tao notes. 

By comparing records compiled by 
CMA and provincial agricultural depart- 
ments between 1980 and 2008, Tao has 
attempted to tease out the climate signal 
from other factors affecting yield, such as 
crop management and fertilizer use. In a 
paper published online last October in Cli- 
mate Research, Tao linked changes across 
China in temperature, precipitation, and 
solar radiation over those 3 decades with 
1.3% and 1.7% reductions in projected 
wheat and maize yields, respectively. That 
translates to hundreds of thousands of tons 
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of lost harvest. A team at the Chinese Acad- 
emy of Agricultural Sciences in Beijing 
and the International Food Policy Research 
Institute in Washington, D.C., has also iden- 
tified a significant impact from climate 
change. They reported in Agricultural and 
Forest Meteorology in 2009 that warming 
caused a 4.5% decline in growth of wheat 
yields across China from 1979 to 2000. 

Regional variation complicates the pic- 
ture. In frigid northern China, where annual 
mean temperatures have risen faster than 
the national average, warming has extended 
arable land northward. But the potential 
agricultural benefits may be hard to reap, 
Tao warns, as climate change is expected 
to increase the frequency of drought and 
extreme weather events in an already water- 
stressed region. 

Much of northern China is dry, making 
agriculture dependent upon irrigation from 
the Yellow River and the northern China 
aquifer. But pollution has degraded the qual- 
ity of China’s “Mother River” and growing 
cities are siphoning off water for urban uses. 
Some 120 billion cubic meters more water 
were pumped from the aquifer than were 
replaced by rainfall over the last 4 decades, 
resulting in a steadily retreating water table 
(Science, 18 June 2010, p. 1462). “The main 


Food security frontlines. Rapid plant 
maturation and water shortages are 
threatening wheat in the north; heat 
stress and rising sea levels are the big 
worries in rice-growing areas in the 
south andeast. 


re 
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have been equipped with 
ultrasonic wave sensors 
to measure water levels; 
data are fed in real time to 
a local water-use associa- 
tion. On the experimental 
station’s grounds, farm- 
ers can check their water 
usage data at a computer 
terminal set incongru- 
ously next to a mound of 
dried corn kernels. 

In rice-growing south- 
eastern China, warming 
may boost yields in the 
short term, but it is also 
likely to heighten damage 
from heat stress. “The increasing frequency 
of high temperature days is a risk factor,” Tao 
says. Timing is critical: If rice is subjected 
to temperatures greater than approximately 
37°C during pollination—as happened dur- 
ing a particularly roasting stretch during the 
summer of 2003—the pollen may be steril- 
ized. “Even a brief exposure to high tempera- 
tures can lead to extremely reduced yields,” 
says Jerry L. Hatfield, an agricultural scientist 
at the U.S. Department of Agriculture’s Agri- 
cultural Research Service in Ames, Iowa. 

Faced with such threats, China is mull- 


crop resiliency, 
Tao says. 
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problem in this region is water,” Tao says. 
In a pilot project launched in Yucheng 
in 2009, farmers are charged for the actual 
amount of water they draw from irrigation 
networks, rather than according to their 
acreage. Old concrete irrigation channels 
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ing adaptation strategies. “The government 
doesn’t yet have a very clear idea” of how 
to design adaptation policies, but it wants to 
understand the whole situation,” says CMA 
scientist Zhou Guangsheng, who is compil- 
ing data on climate change and agriculture 
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from Chinese research 
bodies. Among the trends 
he has noted so far is 
an upward spike in the 
frequency of weather- 
related disasters, includ- 
ing drought and wild 
temperature extremes. 

Potential adapta- 
tion strategies for food 
security include alter- 
ing sowing and har- 
vesting dates, adjusting 
irrigation schemes, and 
selecting or develop- 
ing cultivars equipped 
to thrive in new climate 
conditions. Research from other parts of 
Asia could prove useful in China. At the 
Los Bajios, Philippines—based International 
Rice Research Institute (IRRJ), scientists are 
working to identify cultivars that release pol- 
len during the early morning hours, before 
temperatures climb too high. The institute 
has also developed cultivars with greater 
flood and drought tolerance that are now in 
pilot trials in eastern India, where rice har- 
vests largely depend on variable rainfall. 
“We are cautiously optimistic that we can 
develop rice varieties that will tolerate much 
of what climate change has to throw at us,” 
says IRRI Director Robert Zeigler. 

Back here in Yucheng, some locals are 
not waiting for a scientific verdict on how to 
adapt. Zhao Xiazhen, a 47-year-old farmer 
sporting a bright orange headscarf, says 
that in recent years, temperatures have been 
creeping up in late October, the sowing 
season for winter wheat. About 5 years ago, 
her family noticed that their wheat was 
growing more rapidly than before. If it were 
to mature too quickly, they would risk los- 
ing part of their harvest to frost damage; 
here, fast-maturing wheat plants are more 
fragile. To avert crop losses, they began 
delaying sowing by 5 or 6 days. Their har- 
vests have held steady. Other farmers who 
have stuck with what has worked in the past 
haven’t been so lucky, Zhao says: “Their 
crop was damaged.” 

Translating such observations into policy 
will ultimately require more research into 
shifting temperatures and precipitation pat- 
terns, says Li Yunsheng of the Institute of 
Geographic Sciences and Natural Resources 
Research. Employing a standard refrain 
for adapting any system to China’s circum- 
stances, Li says: “We are studying climate 
change with Chinese characteristics.” 

—CHRISTINA LARSON 
Christina Larson writes on science in China. 
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Physical Laws Shape Biology 


IN THE PERSPECTIVE “A DYNAMICAL-SYSTEMS VIEW OF STEM CELL 
biology” (12 October 2012, p. 215), C. Furusawa and K. Kaneko dis- 
cuss the relevance of dynamic systems biology approaches and the 
concept of “attractors” to understand cell differentiation and prolifer- 
ation. We share their excitement in using computational models that 
apply physical laws to cell fate decision. 

Because there are still naysayers who question whether simple 
physical laws operate in living systems, we want to emphasize the 
existence of numerous examples in which the laws of physics have 
been used to provide mechanistic insights on complex behaviors of 
living organisms. In the past two decades, numerous works in biology 
have integrated com- 
putational models with 
experimental verifica- 
tions. Leibler and col- 
leagues showed, using 
a simple mass-action 
model, that bacterial 
chemotaxis is highly 
robust to biochemical 
parameter variations 
(/, 2). Complex pattern 


Laws of physics come to life. Patterns in zebra- 
fish can be reproduced by Alan Turing’s reaction- 
diffusion model. 
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formation in seashells and zebrafish can be reproduced by Alan Tur- 
ing’s simple reaction-diffusion model (3). For immune-related Toll- 
like receptor signaling, a linear response model utilizing the physi- 
cal law of mass conservation was sufficient to show the enhancement 
of an alternative TRIF-dependent pathway in MyD88 mutant murine 
macrophages (4, 5). Similar biological flux redistribution in gain-of- 
function mutation was also observed for the energy metabolic path- 
ways in Escherichia coli (6). 

With further integration of the latest experimental innovations, 
such as in vivo tracking of individual molecules in single cells, with 
computational models applying physical laws at different scales 
(quantum or classical), the future looks optimistic for a leap in under- 
standing the origins of biological decisions. We hope schools and 
colleges will inspire students to learn multidisciplinary concepts. 

KUMAR SELVARAJOO* AND MASARU TOMITA 


Institute for Advanced Biosciences and Systems Biology Program, Graduate School of Media 
and Governance, Keio University, Japan. 


*To whom correspondence should be addressed. E-mail: kumar@ttck.keio.ac.jp 


References 
1. N. Barkai, S. Leibler, Nature 387, 913 (1997). 
2. U. Alon, M. G. Surette, N. Barkai, S. Leibler, Nature 397, 168 (1999). 
3. S. Kondo, T. Miura, Science 329, 1616 (2010). 
4. K. Selvarajoo et al., PLoS One 3, e3430 (2008). 
5. K. Selvarajoo, Cell Commun. Signal. 9, 9 (2011). 
6. N. Ishii et al., Science 316, 593 (2007). 


646 


Selective Logging 


PRIMARY TROPICAL FORESTS ARE POWER- 
houses of biodiversity (/) but are rapidly 
declining in extent and are threatened even 
within some protected areas (2). As a result, 
non-primary forests, especially those that 
have been selectively logged, are becoming 
more important to conservation efforts. 

In the tropics, logging is almost always 
selective, targeting only certain commercially 
valuable tree species above a minimum size 
and leaving other species unharvested. More 
than 400 million hectares of tropical for- 
est are now in permanent timber estates (3), 
and at least 20% of all tropical forests were 
logged from 2000 to 2005 (4). 

Biologists have often emphasized the del- 


eterious impacts of selective logging for dis- 
turbance-sensitive wildlife [e.g., (5, 6)], but 
recent evidence suggests that logged forests 
can have surprisingly high conservation val- 
ues. In a meta-analysis across four tropical 
regions, selectively logged forests were by 
far the most biologically similar to primary 
forests, compared with agricultural and agro- 
forestry systems (/). Even after repeated, 
intensive logging, the biodiversity of native 
forests in Borneo is roughly comparable to 
that after the first cut (7). Logged forests also 
store considerable carbon (8) and maintain 
most hydrological functions of primary for- 
ests. Hence, while they cannot replace pri- 
mary forests, logged forests have great poten- 
tial to enhance conservation at landscape and 
regional scales, act as buffer zones around 
protected areas, and help maintain forest con- 
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nectivity for wildlife. 

Unfortunately, logged forests are more 
likely than primary forests to be cleared or 
burned in some (9) but not all (0) nations. 
For this reason, we do not advocate an expan- 
sion of logging—although this will surely 
continue in many regions. Rather, we assert 
that logged forests are too vast, vulnerable, 
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and important to ignore, given their large con- 
servation potential. We should strive to retain 
and better manage them. 

DAVID P. EDWARDS* AND WILLIAM F. LAURANCE 
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Legal Limits to Data 


Re-Identification 


YANIV ERLICH AT THE WHITEHEAD INSTITUTE 
for Biomedical Research used his hacking 
skills to decipher the names of anonymous 
DNA donors (“Genealogy databases enable 
naming of anonymous DNA donors,” J. 
Bohannon, News and Analysis, 18 January, 
p. 262). A little-known legal technicality in 
international data privacy laws could curb 
the privacy threats of reverse identifica- 
tion from genomes. “Personal information” 
is usually defined as any data relating to an 
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individual whose identity is readily apparent 
from the data. The OECD Privacy Principles 
are enacted in over 80 countries worldwide 
(http://oecdprivacy.org). Privacy Principle 
No. | states: “There should be limits to the 
collection of personal data and any such data 
should be obtained by lawful and fair means 
and, where appropriate, with the knowledge 
or consent of the data subject.” The princi- 
ple is neutral regarding the manner of collec- 
tion. Personal information may be collected 
directly from an individual or indirectly from 
third parties, or it may be synthesized from 
other sources, as with “data mining.” 
Computer scientists and engineers often 
don’t know that recording a person’s name 
against erstwhile anonymous data is techni- 
cally an act of collection. Even if the consent 
form signed at the time of the original collec- 
tion includes a disclaimer that absolute ano- 
nymity cannot be guaranteed, re-identifying 
the information later signifies a new collec- 
tion. The new collection of personal infor- 
mation requires its own consent; the original 
disclaimer does not apply when third parties 
take data and process it beyond the origi- 
nal purpose for collection. Educating those 
with this capability about the legal meaning 
of collection should restrain the misuse of 
DNA data, at least in those jurisdictions that 
strive to enforce the OECD principles. It also 
implies that bioinformaticians working “with 
little more than the Internet” to attach names 
to samples may need ethics approval, just as 
they would if they were taking fresh samples 
from the people concerned. STEPHEN WILSON 


Lockstep Consulting Pty Ltd, Five Dock (Sydney) NSW 2046, 
Australia. E-mail: swilson@lockstep.com.au 


Science Communication’s Future: Last Call 


You have one more week to respond to the NextGen VOICES survey! 


Share your thoughts about this question: 


Ideally, how will scientists share their results with each other and the public in 50 years? 


To submit, go to http://scim.ag/NextGen6. 


Deadline for submissions is 15 February. A selection of the best responses will be published in the 5 April 
issue of Science. Submissions should be 250 words or less. Anonymous submissions will not be considered. 
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TECHNICAL COMMENT ABSTRACTS 


Comment on “Large Volcanic Aerosol 
Load in the Stratosphere Linked to 
Asian Monsoon Transport” 


Michael Fromm, Gerald Nedoluha, 
Zdenek Charvat 


Bourassa et al. (Reports, 6 July 2012, p. 78) report on 
the 13 June 2011 eruption of the Nabro volcano and 
satellite observations of stratospheric aerosol that they 
attribute to troposphere to stratosphere ascent via the 
Asian monsoon. They claim (citing another source) that 
the 13 June top injection height was well below the tro- 
popause. We will show that the 13 June Nabro erup- 
tion plume was clearly stratospheric and contained both 
volcanic gases and aerosols. Moreover, we will show 
height-resolved stratospheric sulfur dioxide and volca- 
nic aerosol enhancements 1 to 3 days old, unaffected by 
the Asian monsoon, precisely connected to the volcano. 
The observed stratospheric aerosols and gases are fully 
explained by the 13 June eruption and do not require a 
monsoon vehicle. 


Full text at http://dx.doi.org/10.1126/science.1228605 


Comment on “Large Volcanic Aerosol 
Load in the Stratosphere Linked to 
Asian Monsoon Transport” 


J.-P. Vernier, L. W. Thomason, T. D. Fairlie, 
P. Minnis, R. Palikonda, K. M. Bedka 


Bourassa et al. (Reports, 6 July 2012, p. 78) have sug- 
gested that deep convection associated with the Asian 
monsoon played a critical role in transporting sulfur 
dioxide associated with the Nabro volcanic eruption 
(13 June 2011) from the upper troposphere (9 to 14 
kilometers) into the lower stratosphere. An analysis 
of the CALIPSO lidar data indicates, however, that the 
main part of the Nabro volcanic plume was injected 
directly into the lower stratosphere during the initial 
eruption well before reaching the Asian monsoon deep 
convective region. 


Full text at http://dx.doi.org/10.1126/science.1227817 


Response to Comments on “Large 
Volcanic Aerosol Load in the 
Stratosphere Linked to Asian 
Monsoon Transport” 


Adam E. Bourassa, Alan Robock, William 

J. Randel, Terry Deshler, Landon A. Rieger, 
Nicholas D. Lloyd, E. J. Llewellyn, Douglas A. 
Degenstein 

Fromm et al. and Vernier et al. suggest that their anal- 
yses of satellite measurements indicate that the main 
part of the Nabro volcanic plume from the eruption 
on 13 June 2011 was directly injected into the strato- 
sphere. We address these analyses and, in addition, 
show that both wind trajectories and height-resolved 
profiles of sulfur dioxide indicate that although the 
eruption column may have extended higher than the 
Smithsonian report we highlighted, it was overwhelm- 
ingly tropospheric. Additionally, the height-resolved 
sulfur dioxide profiles provide further convincing evi- 
dence for convective transport of volcanic gas to the 
stratosphere from deep convection associated with the 
Asian monsoon. 


Full text at http://dx.doi.org/10.1126/science.1227961 
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“Novel features of considerable interest” 


Nathaniel Comfort 


will see in it,’ Crick wrote, scold- 

ingly, to Watson in 1967. He was 
referring to Base Pairs—previously Hon- 
est Jim—Watson’s account of their solu- 
tion of the structure of DNA; ultimately, of 
course, the book was called The Double Helix 
(1). The first title was the best; the last, the 
worst. Whereas The Double Helix promises 
a history, the original title’s pun on Kings- 
ley Amis’s Lucky Jim suggests a farce. The 
Watson character is anything 
but honest; he is the quintes- 
sential unreliable narrator. 
Crick never understood this. 
Furious about the book’s fac- 
tual licenses, he could not see 
that it is a sardonic, platonic, 
shoulder-chucking love letter 
from his partner. Nor did he 
grasp that, independent of its 
historical accuracy, The Dou- 
ble Helix is profoundly true. Watson blasted 
the stuffy, gentlemanly heroism of popu- 
lar stereotype, making laboratory life seem 
playful, naughty, and, well, cool. This infuri- 
ated and puzzled Crick, as well as Maurice 
Wilkins (who shared with Watson and Crick 
the 1962 Nobel Prize in Physiology or Med- 
icine). Others did understand. The book has 
sold more than a million copies, been trans- 
lated into 20 languages, lured generations of 
students into science, and provoked coveys of 
clucking academics into debate. The impossi- 
bility of predicting what others would see in it 
is what makes the book literature: its meaning 
grows and shifts with our culture. The Double 
Helix is the most important—and most fun— 
popular science book of the 20th century. 

But do we need another version of it? Yes, 
it turns out. This edition, annotated by Alex 
Gann and Jan Witkowski (both at Cold Spring 
Harbor Laboratory), is, like the original, idio- 
syncratic and self-conscious. Richly anno- 
tated and almost obsessively illustrated with 
snapshots, scanned documents, and reprint- 
ings of previously published material, the 
book invites a slower, perhaps more reflective 
reading of Watson’s page-turner. The best of 
the marginalia make Watson’s narrative even 


GG [« not think you realize what others 
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The Annotated and 
Illustrated Double Helix 
by James D. Watson. 


Alexander Gann and 
Jan Witkowski, Eds. 


Simon and Schuster, New York, 
2012. 363 pp. $30, C$34.99. 
ISBN 9781476715490. 


more vivid and clarify both the story and 
the science. Cookbook-shaped, with wide 
margins for the annotations, the volume is 
designed for a coffee table, yet it also belongs 
on the shelf of serious Watsonologists. 

Many of the photos and notes are like 
scrapbook pages from one of the rippingest 
trips in modern science history, as compiled 
by an omniscient-compulsive observer: a 
postcard from the Italian Alps; candids of 
Watson’s friends, acquaintances, and neme- 
ses; the Eagle pub; the Green 
Door; Matthews’ wine mer- 
chants; newspaper head- 
lines reputedly read by John 
Kendrew and by Crick on 30 
October and 22 November 
1951, respectively; Rosalind 
Franklin’s research notes; 
an ecstatic Hedy Lamarr; a 
depiction of Watson’s “cozy 
corners”; a train crash; Crick 
lounging on the roof of University College 
London. If reading The Double Helix is, as 
Horace Judson once said (3), like bouncing 
in a jeep over ploughed fields, the annotated 
edition is an air-conditioned safari bus, with 
a knowledgeable if slightly overenthusiastic 
tour guide at the microphone, pointing out 
both the lions and the lichens. 

The book also contributes to the small but 
burgeoning scholarship in what we might call 
DNA studies. Though it contains no quantum 
revelations, a number of new details come to 
light. For example, the side-by-side repro- 
duction of two letters written back-to-back 
by Wilkins—one formal and meant for public 
eyes, the other private and intended for Crick 
alone—following the marvelous false cli- 
max halfway through the book, when Watson 
and Crick flamboyantly show off the incor- 
rect DNA structure, complicate our picture 
of the allegiances of the principals. Rosalind 
Franklin’s main adversary wasn’t Watson but 
Wilkins; in this respect, Watson’s character is 
really a mouthpiece for Maurice. 

Following Watson’s text, five appendices 
document new findings of scholarly interest. 
Two letters—one from Crick to his 13-year- 
old son, the other from Watson to his men- 
tor Max Delbriick—are the earliest known 
written descriptions of the double helix. 
The editors draw on another series of letters 
in a descriptive-analytical essay on the ker- 


Holiday snapshot. Watson on vacation in the Italian 
Alps, August 1952. 


fuffle over Watson’s leaving Copenhagen 
for Cambridge, in violation of his postdoc- 
toral fellowship from the Merck Fellowship 
Board. Another appendix deepens our under- 
standing of the controversy surrounding the 
publication of Honest Jim/Base Pairs/The 
Double Helix. The story of how Harvard 
University Press dropped what would have 
certainly been the most profitable book in 
its history and how the upstart trade press 
Atheneum picked up the manuscript is well 
known, as is the disapproval of Crick and oth- 
ers. The new material—which includes the 
quotation with which I began—tracks Crick’s 
attitude cooling from tepid to icy, both toward 
Watson’s manuscript and, to Jim’s sadness, 
toward Watson himself. And one appendix 
presents a digressive chapter from the mid- 
dle of The Double Helix that Watson had rele- 
gated to the wastebasket. Watson was wise to 
cut that account of his trip to the Italian Alps 
in the summer of 1952—uit adds nothing of 
substance to the narrative and slows the pace. 
But it ends with the germ of the book’s superb 
last line: “I was twenty-five and too old to be 
unusual.” Watson recycled that for a rainy, 
lonely night in Paris, on his birthday in 1953. 
These and other small revelations are both 
pleasurable and valuable. In such ways, the 
archives help us understand the artful con- 
struction and tone of Watson’s off-handed, 
uneven masterpiece. If this annotated edition 
wavers over whether to treat the text as his- 
tory or literature, it is because The Double 
Helix is both. Sorting out how fact, fiction, 
and interpretation intertwine should keep us 
reading more into the book for years yet. 
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Heredity—The Very 
Long View 


Hannah Landecker 


e have all experienced, in one form 
or another, the history of a scien- 
tific concept reduced to a slide at 


the beginning of a talk or lecture that shows a 
stern-faced individual from another era, who 
gets to be the “father” of the topic at hand. 
Francis Galton gets to be the father of eugen- 
ics, while Gregor Mendel gets to be the father 
of genetics. The stories of such individuals, 
like wheel ruts established in soft ground that 
has since hardened, have become narrow and 
hard to escape from. Staffan Miiller-Wille 
and Hans-Jérg Rheinberger’s Cultural His- 
tory of Heredity, with its sustained attention 
to what happened to ideas and practices of 
heredity over centuries, is the antidote to such 
caricatures. It resets well-known figures and 
events back in the fabric of the development 
of scientific thought on inheritance, some- 
times with delicious detail. For 
example, Francis Galton (who at 
the end of the 19th century pro- 
vided one of the first and clear- 
est articulations of a biological 
theory of heredity) is quoted dis- 
dainfully dissing his French con- 
temporary Adolphe Quetelet’s 
interest in the “average man”: 
“Some thorough-going demo- 
crats may look with compla- 
cency on a mob of mediocrities, 
but to most other persons they 
are the reverse of attractive.” 
Galton likened heredity to 
a post office and ova and their 
contents to mailbags with piles 
of letters in them (biologists 
were, in this analogy, only able 
to gaze in the windows of the 
post office). People did not start 
to speak about heredity in a biological sense 
until the end of the 18th century; indeed, 
the word heredity itself was not systemati- 
cally used in its modern sense until around 
1830. Even then, it took the next century or 
so for heredity to become tangible in a set of 
specific research objects, such as peas and 
flies, in which it could be both explored and 
manipulated. Moreover, heredity has never 
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been a concept with a definite meaning that 
persists—not then and not now. The curious 
reader will find much reward in the authors’ 
careful exploration of what people did think 
and talk about before the modern genetic 
sense of heredity—particularly given that 
new findings in genetics, RNA 
biology, epigenetics, develop- 
ment, and evolution are desta- 
bilizing the modern genetic 
definition of heredity as artic- 
ulated in the late 20th century. 

There is some magic in 
taking a familiar concept 
from one’s own time, realiz- 
ing that it has only existed for 
a relatively short spell, and getting inside a 
completely different way, from another his- 
torical moment, of looking at the world. To 
really understand the logic of another time 
(or another culture or language), one needs a 
good guide; otherwise it just seems unfath- 
omable—or irrational. The authors note, 
“What contemporary biology identifies as 
an essential feature of all living systems— 
namely, their ability to reproduce them- 
selves more or less identically through nutri- 


A bizarre union. Woodcut of the so-called Scythian lamb, from Claude Duret’s 
Histoire Admirable des Plantes (Nicolas Buon, Paris, 1605). 


tion, growth, and propagation— ... seems to 
have escaped the attention of natural philos- 
ophers and physicians prior to the eighteenth 
century.” Through a series of examples and 
thinkers—from the Scythian lamb (a sheep- 
plant hybrid that grew out of the ground on 
a trunk) to William Harvey chasing down 
the earliest moments of conception—the 
book demonstrates that premodern theories 
of propagation saw generation as an act of 
creation: Each organism’s generation was a 
singular, local event in which the surround- 
ing circumstances of copulation, concep- 
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tion, pregnancy, birth, and weaning contrib- 
uted to the work of forming the individual 
in question. 

Facing the paradox of giving a history of 
a concept before it exists, the book character- 
izes transformations in ideas about genera- 
tion, reproduction, and trans- 
mission from this early period 
forward. The authors depict 
scattered thoughts and prac- 
tices in property law, racial 
anthropology, plant hybrid- 
ization, philosophy, and med- 
icine gradually consolidating 
into a set of shared questions 
and eventually into a set of 
shared research objects. In the 20th century, 
heredity came to be understood as a mate- 
rial thing, which could be manipulated and 
changed. Only here, as the book moves into 
modern genetics and describes the trans- 
formation to ideas of heredity wrought by 
molecular biology, does the ground begin to 
feel much more familiar. 

This is an auspicious time to be laying 
open the concept of heredity to such detailed 
historical examination, showing it to be a 
capacious domain of scientific 
and cultural intermingling. One 
could complain that the “culture” 
part of the history is rather thin on 
the ground in parts, particularly 
as the book moves into the pres- 
ent. But the work of producing a 
readable, detailed narrative from 
a vast landscape of hundreds of 
years of European history must 
be recognized. The book results 
from a long-running project at 
the Max Planck Institute for the 
History of Science, in Berlin, to 
document the history of heredity 
in all its cultural complexity and 
in the /ongue durée—a historical 
approach emphasizing structures 
over the long term rather than 
discrete events. Several previ- 
ously published edited volumes 
from the project provide a kind of patchwork 
view of the story of heredity in Western cul- 
ture, with each participating scholar contrib- 
uting a piece from their particular specialty or 
research focus. Synthesizing a great mass of 
scholarship, Miller-Wille and Rheinberger 
attempt to really give the long view and to 
give it in depth. Their account provides an 
important point of reference for going for- 
ward and a timely contribution to thinking 
about the cultural and scientific meaning of 
heredity today. 
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EUROPEAN POLICY 


Is Europe Evolving Toward 
an Integrated Research Area? 


A. Chessa, A. Morescalchi, F. Pammolli,* 0. Penner, A. M. Petersen, M. Riccaboni* 


fforts toward European research and 
Heceennen (R&D) integration have 

a long history, intensifying with the 
Fifth Framework Programme (FP) in 1998 
(/—3) and the launch of the European Research 
Area (ERA) initiative at the Lisbon European 
Council in 2000. A key component of the 
European Union (EU) strategy for innovation 
and growth (4, 5), the ERA aims to overcome 
national borders through directed funding, 
increased mobility, and streamlined innova- 
tion policies. 

To assess the rate of progress toward this 
ERA vision, we analyzed the evolution of 
geographical collaboration networks con- 
structed from patent and scientific publica- 
tion data. Although these data may not cap- 
ture every facet of the ERA, 
they are widely accepted EU 
measures of R&D output, 
and the European Commis- 
sion considers them cru- 
cial for the evaluation of the 
Horizon 2020 FP (6). All in 
all, we find no evidence since 
2003 that EU innovation 
policies aimed at promot- 
ing an integrated research 
and innovation system have 
corresponded to intensified 
cross-border R&D activ- 
ity in Europe vis-a-vis other 
Organization for Economic 
Cooperation and Develop- 
ment (OECD) countries. 

We exploited the June 
2012 release of the OECD 
REGPAT database (7) and 
analyzed all ~2.4 x 10° pat- 
ent applications filed with 
the European Patent Office 
(EPO) over the period 1986— 
2010. For comparison with 
scientific publications, we 
take a random sample of 
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~2.6 x 10° records from the Thomson ISI 
Web of Science over the period 1991-2009. 
We geographically coded each data set at the 
NUTS3 region level [see supplemental mate- 
rials (SM)]. 

Using the data, we constructed five net- 
works, which provide different perspectives 
into EU R&D integration. In our networks, 
nodes correspond to NUTS3 regions and 
links represent collaboration and/or mobility 
measures. Specifically, (i) the patent coinven- 
tor network and (ii) the publication coauthor 
network measure the intensity of interregional 
collaboration at the individual level; (iii) the 
coapplicant patent network measures the col- 
laboration between institutions (“‘applicants”’) 
located in different regions; (iv) the patent 
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Despite efforts to integrate across borders, 
Europe remains a collection of national 
innovation systems. 


citation network indi- 
rectly measures scien- 
tific integration by fol- 
lowing the flow of cita- 
tions from patents in one 

region to patents in another; and (v) the pat- 
ent mobility network measures the mobility of 
inventors from one region to another by track- 
ing their location in subsequent patents. 

We use a standard network-clustering 
algorithm to identify communities, i.e., sub- 
sets of nodes more strongly linked to one 
another than to nodes outside, to compare 
geopolitical borders and R&D networks. 
Regional integration is shown in the first fig- 
ure in the purple community, centered on 
Eindhoven, which is composed of strongly 


rr 


~ 


Community structure of the 2009 EU-15 coinventor network. Communities (color blocs) are labeled by their most-central region 
and were generated by iteratively aggregating them into clusters of increasing size (see SM). Blank regions, no ties in 2009. 
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collaborating regions 
in the Benelux, and in 
the international Nor- 
dic community with its 
center in Copenhagen. 
Despite these excep- 
tions, coinventorship 
in Europe continues to 
be largely shaped by 
national borders, in con- 
trast to the community 
structure of the highly 
dispersed “coast-to- 
coast” U.S. coinventor 
network (see SM for 
comparison) (8). 

Europe is shown in 
the figure to be a col- 
lection of regional and 
national innovation 
communities. However, 
that does not necessar- 
ily mean that integration 
efforts have been unsuccessful. The more rel- 
evant question is at what rate is Europe evolv- 
ing toward an integrated research system rela- 
tive to the rate of cross-border R&D collabo- 
ration observed in non-EU OECD countries? 

As shown elsewhere (3, 9—//), we observe 
a significant increase in the total number of 
cross-border research collaborations, both 
within and outside Europe (see fig. S1). To 
assess the role of EU-specific factors, we 
compared relative changes in cross-border 
collaboration between European countries 
(e.g., distinguishing German-French, from 
German-German and French-French collab- 
orations) with changes in cross-border col- 
laboration between non-European OECD 
countries. We did not analyze collaborations 
between EU and non-EU regions. 

For each network, our econometric model 
performs three quantitative differences and 
controls for the size of regions, geographic 
distance, and time effects (see SM). First, the 
difference between cross-border and intra- 
border average number of links is computed, 
both for EU and non-EU OECD nations. Sec- 
ond, the difference between these two esti- 
mates isolates the impact of EU-specific fac- 
tors on R&D integration. Finally, comparison 
with a baseline year yields the quantitative 
output of the model, i.e., the expected num- 
ber of additional links between regions result- 
ing from EU-specific factors. This quantity 
is shown in the second figure. Comparing 
data points from two different years, a higher 
y-axis value indicates a greater impact of 
EU-specific factors upon integration among 
EU nations. Choice of the baseline year does 
not alter our results. A positive (or negative) 
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Evolution of European integration in five R&D networks. The y axis reports 
the additional number of cross-border links for an average pair of regions (i) 
relative to within-border links, (ii) due to EU-specific factors as compared with 
non-EU OECD countries, and (iii) relative to 2003 baseline year. Error bars indi- 
cate 95% confidence intervals for four different patent networks (black circles) 
and a scientific publication network (green circles). Open circles indicate statis- 
tically significant (0.05 level) positive deviations from the baseline year. See SM. 


slope indicates Europe is integrating faster (or 
slower) than non-EU OECD countries. 

Since the late 1990s, signs of integration 
in European patent statistics are often seen. In 
the patent coinventor network, cross-border 
collaboration in Europe have increased vis- 
a-vis other OECD countries. This effect was 
relatively pronounced from 1998 to 2002 but 
stalled in 2003. Since then, additional links 
for an average pair of regions due to Europe- 
specific factors has never been significantly 
larger than zero. The patent coapplicant net- 
work exhibits no significant increase since 
1996. The citation network shows a tem- 
porary bump in integration in the late ‘90s, 
then fluctuates around that level. Finally, the 
inventors’ mobility network shows almost no 
progress in the last decade, confirming a slow 
pace of integration for the European high- 
skill labor market. 

The scientific publication coauthorship 
network shows a negative trend since 1999, 
indicating that cross-border links among 
non-EU OECD countries grew faster than 
European cross-border links. These results 
are striking and deserve further investigation 
given the amount of resources the EU has 
committed to promote cross-border scien- 
tific collaboration through programs like FPs, 
European Cooperation in Science and Tech- 
nology, Networks of Excellence, Marie Curie 
Actions, and so on. 

In sum, our analysis of R&D patent and 
publication networks shows that Europe 
remains a collection of loosely coupled 
national innovation systems (/2). Further- 
more, since 2003, cross-border collaborations 
in Europe have developed no faster than in the 
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rest of the OECD countries. 

Several ongoing initiatives seek to address 
general shortcomings that have affected pre- 
vious integration efforts (5). The European 
Institute of Innovation and Technology’s 
(EIT) Knowledge and Innovation Commu- 
nities are long-term (7 to 15 years) collabo- 
ration networks spanning all aspects of the 
R&D ecosystem. To foster synergetic interac- 
tion between national funding bodies, Science 
Europe, an association of national research 
organizations, was founded in 2011 (/4). 

The European Research Council (ERC) 
has taken steps toward cross-border mobility 
by making grants competitive and portable. 
Likewise, a memorandum of understanding 
signed by the European Commission and the 
League of European Research Universities 
(73) pushes for pension unification and trans- 
parency in hiring and tenure decisions. 

Despite these initiatives to increase com- 
petition within the system, monitoring and 
evaluation must drastically change if Europe 
is to accomplish its ambitious goals in science 
and technology. Evidence-based evaluation 
focused on output and impact is crucial, as 
recognized in the plans for the Horizon 2020 
FP (6). Our methodology promotes this vision 
by combining interdisciplinary expertise with 
data relevant to impact analysis. 
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MOLECULAR BIOLOGY 


Shielding Broken DNA 


for a Quick Fix 
Jiri Lukas and Claudia Lukas 
D are constantly gener- 
ated throughout the 

cellular life span, making the 
genome vulnerable to muta- 
tion and irreversible damage. 
Cells are equipped to mend such 
breaks through two mechanisms, 
each with positive and nega- 
tive aspects: homology-directed 
repair (HDR), which tends not to 
make mistakes, but requires that 
a cell wait until DNA replication 
generates homologous templates; 
or a faster process called nonho- 
mologous end joining (NHEJ), 
which, though error-prone, can 
rapidly “glue” DNA breaks 
together (7). Making the right 
choice between HDR and NHEJ 
is vital for genome integrity. 
Recent studies (2, 3), including 
those on page 711 and 700 of this 
issue by Di Virgilio er al. (4) and 
Zimmermann et al. (5), respec- 
tively, show how the HDR path- 
way is blocked so that the alter- 
nate repair process can proceed. 

In a number of physiological 
settings such as immunoglobulin 
diversification in blood cells, the 
natural erosion of telomeres (pro- 
tective ends of chromosomes), 
or DNA breakage during G, 
phase of the cell division cycle, 
the HDR repair process must 
be actively suppressed to avoid 
genomic rearrangements. This is 
achieved by blocking the action 
of enzymes that create single-strand DNA at 
the break sites, in preparation for recombina- 
tion. The barrier against excessive resection 
involves 53BP1, a large adaptor protein that 
interacts with the DNA scaffold made of his- 
tones and histone-binding proteins (6). 

To elucidate how 53BP1 shields DNA 
ends, Di Virgilio et al. and Zimmermann et 
al. took advantage of the fact that for 53BP1 


NA double-strand breaks 
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DSB repair by NHE] 
(telomere fusion, immunoglobulin class switching, 
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Protected ends. (A) At the site of a DNA double-strand break, Rif1 interacts 
with chromatin-bound and phosphorylated (P) 53BP1 to protect DNA ends 
against resection (executed in part by the BRCA1-CtIP complex). This allows 
DNA repair by the NHE] mechanism. (B) In the absence of Rif1 (alone or with 
53BP1), DNA ends undergo excessive resection, which may lead to unsched- 
uled repair by HDR, and consequently to genomic instability. BARD1, BRCA1- 
associated RING domain protein 1. 


to block DNA-end resection, it must be phos- 
phorylated by the enzyme ataxia telangiec- 
tasia mutated (ATM) (7). Di Virgilio ef al. 
performed a mass spectrometry screen for 
proteins that interact with phosphorylated 
53BP1, whereas Zimmermann et al. extended 
their previous work on proteins that inter- 
act with phosphorylated 53BP1 at dysfunc- 
tional telomeres. Rewardingly, both groups 
identified Rap1|-interacting factor 1 (Rifl) as 
a key suppressor of DNA-end resection that 
acts downstream of 53BP1 (see the figure). 
To demonstrate the physiological relevance 


ee 


A fast-acting DNA repair mechanism involves 
a protein complex that blocks an alternative 
process that requires a cell to wait for repair. 


of this finding, Di Virgilio et al. 
show that depletion of Rifl in 
activated B lymphocytes triggered 
excessive 5’ DNA-end resection, 
impaired immunoglobulin class 
switch recombination (a DNA 
rearrangement strictly depen- 
dent on NHEJ), and led to genetic 
instability including transloca- 
tions at the immunoglobulin H 
(IgH) locus. Zimmermann et al. 
show that at telomeres deprived of 
the protective shelterin complex 
(and thus converted to DNA ends 
resembling double-strand breaks), 
depletion of Rifl also enhanced 5’ 
DNA-end resection, thereby ren- 
dering the DNA ends unsuitable 
for direct ligation and reducing 
the frequency of telomere fusions. 

Most DNA repair reactions 
can be regarded as a double- 
edged sword. Although NHEJ is 
beneficial under physiological 
settings, it can turn against the 
genome under pathological con- 
ditions that arise during cellular 
transformation. One cytological 
manifestation of this is the for- 
mation of radial chromosomes, 
aberrant structures caused by 
toxic NHEJ reactions in tumor 
cells with compromised BRCA1 
function (7). BRCA1 is a tumor 
suppressor protein that acts in the 
HDR repair pathway. Consistent 
with its role in promoting NHEJ, 
Zimmermann et al. show that Rifl 
depletion in cultured mammalian 
cells lowered the frequency of aberrant chro- 
mosomes under these conditions. However, 
this and all other phenotypes associated with 
Rif! depletion were milder than in 53BP1- 
deficient cells, indicating that although Rifl 
substantially contributes to DNA-end protec- 
tion downstream of 53BP1, it cannot com- 
pletely explain the entire spectrum of anti- 
resection cellular activities. To explain this, 
Zimmermann et al. suggest that the enhanced 
mobility of 53BP1-bound DNA ends (a func- 
tion of 53BP1 that is Rifl-independent) 
increases their chance of finding each other, 


_- 


8 FEBRUARY 2013 VOL 339 SCIENCE www .sciencemag.org 


Published by AAAS 


CREDIT: C. BICKEL/SCIENCE 


Downloaded from www.sciencemag.org on February 8, 2013 


CREDITS: GRAPH ADAPTED FROM (10); PHOTO BY CHRIS GOMERSALL/RSPB 


whereas the mass spectrometry screen of Di 
Virgilio et al. reveals additional proteins that 
interact with phosphorylated 53BP1, raising 
the possibility that some of them might join 
Rifl in shielding DNA ends. 

53BP1 has stood out as a molecular shield 
against 5’ DNA-end resection at double- 
strand breaks without a clear mechanism 
attached to it. Adding Rifl to the picture 
breaks this deadlock and provides the much- 
needed impetus to mechanistically explore 
DNA-end protection by addressing previ- 
ously unforeseen questions. The recent stud- 
ies by Escribano-Diaz et al. (2) and Ross 
Chapman et al. (3) provide an important lead 
by showing that during G, phase of the cell 
division cycle, Rifl opposes the function of 
the complex involved in DNA-end resection, 
composed of BRCA1 and C-terminal bind- 
ing protein-interacting protein (CtIP) (/). 
Conversely, after entry into S phase and acti- 
vation of cyclin-dependent kinases, the phos- 
phorylated BRCA1-CtIP complex prevails, 
unloads Rifl from chromatin, and initiates 
DNA-end resection. This neatly explains how 


periodicity of the cell cycle is linked to repair 
pathway choice, but additional mechanisms 
should not be discounted. For instance, Rifl 
is a multifunctional protein that organizes 
higher-order chromatin structure at origins of 
DNA replication. It is possible that chromatin 
accessibility contributes to restraining DNA 
resection at double-strand breaks (8, 9). 
Other unresolved issues include how Rif] 
binds to phosphorylated 53BP1 and how the 
activated BRCA1-CtIP complex disrupts this 
interaction. The absence of a phospho-recog- 
nition motif in the Rifl sequence indicates 
that enhanced interaction between 53BP1 and 
Rifl after DNA damage is mediated by a hith- 
erto unknown molecular linker. This is not 
merely an academic problem—mechanisms 
that influence DNA-end resection have a 
therapeutic potential in cancer (/0), and if we 
are to expand the list of targets for more effi- 
cient synthetic treatments with modalities that 
involve DNA breakage (radiotherapy, many 
forms of chemotherapy), factors that enhance 
recognition of phosphorylated 53BP1 by Rifl 
after DNA damage could be of crucial rele- 
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vance as targets for therapeutic interventions. 
Regardless, defining the role of Rifl in human 
diseases associated with unstable genomes 
deserves attention, and the discovery of its 
function in DNA-end processing is an impor- 
tant milestone toward achieving this goal. 
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ECOLOGY 


Pollution, Politics, and Vultures 


Andrew Balmford 


ifty years after the publication of 
FE Rachel Carson’s groundbreaking book 

Silent Spring, environmental pollut- 
ants, whose impacts are hard to diagnose 
and harder still to control, continue to cause 
grave damage to nontarget organisms. The 
range of substances of concern has expanded 
since Carson’s day from nutrients, pesticides, 
and heavy metals and now includes pharma- 
ceuticals. Although drug pollution problems 
have been particularly difficult to address 
(Z), recent developments in south Asia offer 
some positive news on one of the best-known 
examples. Scientists and politicians are at last 
making progress in reversing the accidental 
but catastrophic poisoning of the region’s vul- 
tures by a widespread veterinary drug. 

Two decades ago, vulture populations 
across the Indian subcontinent began a col- 
lapse to just 1% of what they had been (2). 
As well as being a crisis for bird conserva- 
tion, this was a serious problem for public 
health, because it ended the free disposal by 
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Turning a corner? Changes in population indices of 
the oriental white-backed vulture Gyps bengalensis, 
from 6 years of repeat surveys of a large number of 
road transects in India. Vertical lines show 95% con- 
fidence limits derived by bootstrapping; the curve 
shows the cubic log-linear trend for 2000 to 2011. 
The y axis has a logarithmic scale. 
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The catastrophic collapse of south Asia’s 
vultures may at last be coming to an end, 
thanks to a ban on the veterinary drug 
responsible. 


the birds of the region’s vast annual tonnage 
of cattle carcasses (3). Ten years after the 
decline began, its cause was finally identified: 
The vultures were being poisoned by wide- 
spread use of the out-of-patent nonsteroidal 
anti-inflammatory drug diclofenac, which 
causes kidney failure when the birds feed on 
carcasses of recently treated cattle (4). 

Based on evidence that deaths of vul- 
tures by diclofenac were widespread and fre- 
quent and that contamination of cattle car- 
casses was sufficient to account for the rapid 
decline (5), the governments of India, Paki- 
stan, and Nepal banned the veterinary use 
of diclofenac in 2006. Bangladesh followed 
suit in 2010, and in May 2012 the four gov- 
ernments reached an unprecedented political 
agreement to further coordinate and improve 
actions to prevent adverse effects of veteri- 
nary drugs on vultures (6). 

These responses were a considerable 
achievement for conservation science, but 
the diclofenac ban did not solve the vulture 
problem overnight. Surveillance of diclo- 
fenac contamination of cow carcasses in 
India soon after the ban showed little change 
(7), and test purchases in pharmacies found 
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diclofenac formulated for human use widely 
on sale for the treatment of cattle (8). These 
findings, coupled with coordinated efforts 
by nongovernmental organizations (NGOs) 
and governments, led to further restrictions 
and remedial efforts. By 2008, diclofenac 
contamination had fallen substantially (7), 
largely as a result of two factors: aware- 
ness-raising work by NGOs and government 
departments with the public, pharmaceutical 
industry, and veterinarians; and the identifi- 
cation and promotion of the alternative drug 
meloxicam, which is effective for treating 
cattle but does not harm vultures (9). 

A suite of studies of the latest vulture pop- 
ulation trends suggests that these efforts are 
working and that the vulture declines have 
slowed or even stopped. In India, all three 
critically endangered Gyps vultures did not 
decline between 2007 and 2011; one spe- 
cies, the oriental white-backed vulture, may 
have increased slightly (70). Population mod- 
els indicate that these changes match predic- 
tions from the measured reduction in carcass 
contamination (7, /0). The oriental white- 


backed vulture population in Nepal has also 
increased since the ban, and the decline of this 
species in Bangladesh has slowed since the 
more recent ban there. A long-billed vulture 
population in Pakistan, which was declining 
before the ban in 2006, has now increased 
substantially (//). 

It seems that carefully targeted research— 
combined with political commitment and 
government-NGO cooperation—is making 
a real difference for the subcontinent’s vul- 
tures. Yet, recovery will likely be partial and 
take decades. Continued monitoring of vul- 
tures and of veterinary drugs and their toxic- 
ity is necessary to measure the effectiveness 
of interventions and suggest modifications 
where necessary. 

This need for vigilance and adaptive man- 
agement is underscored by the increased use of 
several other veterinary drugs with unknown 
effects on vultures: aceclofenac, a precursor 
of diclofenac that is highly likely to be toxic 
(12), and ketoprofen, which was shown to be 
toxic to vultures 3 years ago (/3) but is still 
permitted for veterinary use in India. The 


governments of the vulture range states have 
moved much faster and more effectively than 
did western governments when responding to 
the environmental impacts of organochlorine 
pesticides identified by Rachel Carson, but 
sustained scientific scrutiny is vital, as is con- 
tinued political resolve. 
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APPLIED PHYSICS 


Metamaterials with Quantum Gain 


Ortwin Hess and Kosmas L. Tsakmakidis 


ptical metamaterials and nanoplas- 

monics offer extreme control and 

localization of light within volumes 
that can be smaller than a cubic light wave- 
length by more than three orders of magni- 
tude, but they suffer from appreciable dis- 
sipative losses. This weakness is thought to 
constitute the prime impediment before many 
of the envisaged applications can succeed in 
practice. However, recent breakthroughs in 
the theoretical understanding and experimen- 
tal fabrication of gain-enhanced metama- 
terials and nanoplasmonic heterostructures 
promise to overcome these hindrances, while 
allowing for new ways to control spontane- 
ous and stimulated emission of light on the 
nanoscale (J, 2). 

Resistive losses in nanoplasmonic meta- 
materials arise from the interaction of the 
incident photons with the quasi-free conduc- 
tion electrons of the metals, thereby consti- 
tuting an inherent feature of the response of 
metal-based nanodevices. For truly subwave- 
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length plasmonic structures, these losses fol- 
low universal laws; that is, they do not depend 
on the particular geometric configuration but 
only on the metal used (usually noble metals) 
(3). Meanwhile, there has been an increased 
emphasis on two-dimensional (2D) meta- 
surfaces, which are much more convenient 
to fabricate than their full-3D metamaterial 
counterparts but can steer light in equally 
dramatic ways, well below the fundamental 
diffraction limit and over broad, flat areas (4). 


Silver—= 
Gain material 


Energy density (mJ cm) 


Integrating amplifying media with 
metamaterials allows loss-free plasmonic 
operation and opens a route for controlling 
nanoscale quantum emitters. 


In sucha 2D nanostructure with laser dyes 
(gain medium) incorporated into its fabric 
(see the figure, panel A), the objective is to 
obtain optimum coupling of the plasmonic 
excitations to the gain molecules, so that 
maximum harnessing of the gain medium 
can be achieved—a requirement due to the 
high losses. When the pattern of the nano- 
holes periodically perforating the two sil- 
ver nanofilms is engineered such that the 
desired plasmonic resonance coincides with 
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Playing for gain. (A) An illustration of the gain-enhanced optical metamaterial, with a magnified unit cell 
and an example of plasmonic field enhancement at two vertical planes inside the cell. (B) Energy and aver- 
age inversion (green solid line, right axis) inside the lasing nanofishnet over time. The signals, time-averaged 
over 0.4 ps (black), are decomposed into the pump mode (green dashed line), the bright mode (red solid 


line), and the dark mode (yellow dash-dotted line). 
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the emission wavelength of the dyes, full 
loss compensation and amplification can be 
achieved, even in the exotic negative refrac- 
tive index regime (5—7). By extending the 
duration of the incident probe pulse such that 
the energy inside the nanostructure becomes 
constant with time, the quantum plasmonic 
amplifier can operate transiently and also in 
a steady-state mode (8). 

If the gain supplied by the active medium 
is sufficient to overcome both dissipative and 
radiative losses, then the structure can func- 
tion as a coherent emitter of surface plas- 
mons over the ultrathin 2D area, deep below 
the diffraction limit for visible light (7, 9). 
Here, controlling the spontaneous emission 
rate is crucial (/0) as both bright and dark 
plasmonic lasing states exist, giving rise to 
a strong, nonlinear competition. Which one 
eventually dominates can be controlled by 
the design and excitation of the metamate- 
rial (see the figure, panel B). In this example, 
where bright plasmonic emission dominates, 
the bright-mode energy (red solid line) builds 
up initially, followed by picosecond-period 
relaxation oscillations and steady-state emis- 
sion, interrupted (at ~50 ps) by an instabil- 
ity of the dark mode (yellow dash-dotted line) 
until again steady-state emission is reached. 

These 2D active nanostructures can func- 
tion as powerful on-chip light sources, either 
coherent (nanolasers) or incoherent (light- 


emitting diodes, LEDs), delivering intense 
optical power. Although the typical plas- 
monic cavity QO factors are rather small (~50), 
the attained Purcell factors (a measure of the 
spontaneous emission rate enhancement that 
varies as O/V,,) can be large because the mode 
volume V,, can be extremely small. A major 
goal in the field is to enhance the Purcell fac- 
tor so as to accelerate spontaeous emission to 
the degree that it becomes faster than stimu- 
lated emission, so that ultrafast, low-energy 
LEDs can be attained and integrated within 
nanoscale circuits (//). 

Large Purcell factors can also be obtained 
in plasmonic slow-light heterostructures for 
special cases where the group velocity of 
the plasmons is close to zero (/). Computa- 
tions reveal that at these zero—group velocity 
points, full lasing operation can be reached in 
completely uniform (minimalistic) structures 
that do not require a cavity to confine light 
(by reflections or Bragg scattering) because 
successive light pulses can be stopped and 
strongly localized (/2). Without any cavity 
walls restricting the lasing mode size to be 
above the diffraction limit, the mode can be 
pushed into a deep-subwavelength regime, 
with sizes (in 2D) of 47/1000 being realisti- 
cally attainable. Because spontaneous emis- 
sion can be efficiently channeled into the 
stopped-light mode, the result is low-thresh- 
old operation. 
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The marriage of nanoplasmonic meta- 
materials with quantum gain media repre- 
sents an exciting frontier in nanophotonics 
and nanoscience, and is a precursor of active, 
intergrated quantum nano-optics. Bringing 
gain in the nanoscale will open a platform for 
practical, loss-free nanodevices—not only 
electro-optic modulators and intense light 
sources, but also plasmonic waveguides and 
nanosensors exploiting intensified plasmonic 
hot spots for single-emitter spectroscopy or 
nanoscale lithography. 
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GEOCHEMISTRY 


Impact and Extinction 


Heiko Palike 


uring the past 540 million years, 
D« major mass extinctions have 

occurred on Earth. Several of them 
have been linked to volcanic eruptions dur- 
ing the formation of large flood basalts (/, 
2). However, the situation is not clearcut for 
the most recent mass extinction at the Cre- 
taceous-Paleogene (K-Pg) boundary (~66 
million years ago), when nonavian dino- 
saurs became extinct. Around the time of the 
K-Pg boundary, a series of large eruptions 
formed the Deccan flood basalts. However, in 
1980, Alvarez et al. (3) argued that the K-Pg 
boundary coincided with the impact ofa large 
asteroid or comet. On page 684 of this issue, 
Renne et al. (4) provide new evidence that 
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the age of Chicxulub asteroid impact and the 
K-Pg boundary coincide precisely. 

Alvarez et al. based their initial hypoth- 
esis on elevated concentrations of iridium 
and other platinum-group elements and the 
occurrence of shocked quartz, tektites, and 
tsunami-like deposits in samples roughly 
dated to the time of the K-Pg boundary. Tell- 
tale deposits of an impact by an extraterres- 
trial body around the time of the boundary 
have now been found globally. These depos- 
its decrease in intensity and thickness away 
from a proposed impact site at Chicxulub 
in the Gulf of Mexico (5). Nevertheless, the 
debate about the precise sequence of events 
has continued. Different views persist about 
the relative timing of the K-Pg boundary and 
the impact deposits, on the one hand, and the 
role played by large continental flood basalts 
and volcanism, on the other hand. 
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Precise dating shows that the Chicxulub impact 
coincided with the mass extinction at the K-Pg 
boundary 66 million years ago. 


For the hypothesis that the K-Pg mass 
extinction was caused or triggered by an 
impact to be true, there must be absolute 
correspondence between the K-Pg bound- 
ary and the impact. Detailed sedimentologi- 
cal analysis and stratigraphy, together with 
accurate geochronological dating, therefore 
allow the hypothesis to be tested. Renne et al. 
now apply state-of-the-art geochronological 
dating methods to new data collected from 
impact deposits and the K-Pg boundary. They 
resolve the existing uncertainty about the rel- 
ative timing of the events. 

Some of this uncertainty arose from a mis- 
match between the two main methods used 
for radioisotopic dating. One method mea- 
sures the relative abundance of decay chain 
products of uranium/lead (U/Pb) in zircons 
formed in magma chambers and preserved 
in bentonites; the other measures potassium/ 
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Paleogene 


argon isotope ratios in sanidine crystals found 
in volcanic ash layers. Recent studies have 
shown why the argon isotope method always 
yielded slightly younger ages than the U/Pb 
method (6, 7). The results from the two meth- 
ods can now be compared directly to improve 
accuracy and confidence. 

Renne et al. show that combining mul- 
tiple U/Pb and argon isotope system mea- 
surements from several stratigraphic hori- 
zons yields ages of 66.038 + 0.049 mil- 
lion years for the Chicxulub impact tek- 
tites, and 66.043 + 0.043 million years for 
the K-Pg boundary itself. These ages are 
indistinguishable from each other with a 
much reduced uncertainty of 32,000 years 
and suggest that the Chicxulub impact 
event coincides with the K-Pg boundary. 
The results also falsify the hypothesis that 
the Chicxulub impact predated the K-Pg 
boundary by ~300,000 years (8). 

Renne et al.’s results also have important 
implications for another geological dating 
method that relies on matching time series 
of climatic reconstructions to variations 
in Earth’s orbital motion (9). The orbital 
motions can be computed by astronomical 
theory and observation (0), but the precise 
orbital configuration becomes uncertain in 
the more distant past because of the chaotic 
nature of the solar system. Beyond 50 mil- 
lion years ago, only one orbital motion—the 
405,000-year orbital eccentricity cycle— 
can be computed with enough accuracy for a 
reliable astronomical calibration of the geo- 
logical record (//). Previous studies agree 
that the K-Pg boundary is situated near a 
minimum of a 405,000-year eccentricity 
cycle but disagree on whether it is placed at 
~65.28, ~65.68, or ~66.08 million years ago 
(7, 12-15). Renne et al.’s dating firmly sup- 
ports the third option and could thus settle 
an important question about the astronomi- 
cal calibration of Paleogene time. 


What caused the K-Pg mass extinction? The Cretaceous-Paleogene (K-Pg) boundary section in the Botta- 
cione gorge northeast of Gubbio, Italy. Alvarez et al. first described elevated iridium concentrations in the 
red boundary clay (3). These results formed the basis of the impact hypothesis for the K-Pg mass extinction. 
Renne et al. now show that the Chicxulub event and K-Pg boundary coincided precisely. 


Dating individual points along the 
sequence of events around the K-Pg bound- 
ary also provides further insights into the 
ecological and chemical evolution around 
this event. The dating suggests that in Mon- 
tana, the vertebrate fauna recovered much 
faster after the mass extinction than previ- 
ously thought, perhaps within 20,000 years. 
Renne e¢ al. suggest that the faunal recovery 
occurred by migration from refugia rather 
than by evolutionary radiation. 

Does this study finally close the debate 
about the cause of the demise of the dino- 
saurs? Not quite yet. Renne ef al. suggest that 
brief cold snaps in the late Cretaceous were 
stressful to an ecology adapted to the long- 
lived preceding hothouse climate, and that 
the Chicxulub impact delivered a final coup 
de grace to ecosystems, shifting the planet 
permanently into a new state. The next task 
will be to use the improved dating method- 
ologies to precisely date the largest individual 
magmatic events during Deccan flood basalt 
formation. These dates will help to evaluate 


the role volcanism played in the initial onset 
of environmental and biotic change prior to 
the K-Pg boundary. 
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EVOLUTION 


Fossils Versus Clocks 


Anne D. Yoder 


An extensive morphological analysis supports the conclusion that ancestors of placental mammals 


evolved rapidly in the Cenozoic. 


us learned in grade school. Dinosaurs 

ruled Earth for eons, shaking the ground 
beneath them as their colossal forms roamed 
the dense tropical forests of the Mesozoic. 
Mammals were present but were minuscule 
by comparison, skulking about in the under- 
growth as they foraged for insects. And so it 
went until a massive asteroid hit Earth about 
66 million years ago, causing environmental 
havoc, climate change, and the worldwide 
extinction of non-avian dinosaurs [the Cre- 
taceous-Paleogene (K-Pg) extinction event] 
(Z). Only then did mammals begin to flourish 
and diversify into the myriad forms of today. 
It is a compelling tale, but one where tim- 
ing is everything. On page 662 of this issue, 


[= a great story, and one that most of 
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O’Leary et al. (2) offer a fresh perspective on 
the pattern and timing of mammalian evolu- 
tion drawn from a remarkable arsenal of mor- 
phological data from fossil and living mam- 
mals (see the figure). 

The fossil record has always lent veracity 
to the classical account. Sediments from the 
Mesozoic (~250 million to 66 million years 
ago) are rich with the fossils of dinosaurs, 
both large and small, and less rich with mam- 
mals that were for the most part unlike those 
we see today (3). The record changes abruptly 
with the beginning of the Cenozoic (since ~66 
million years ago), but it is not until about 55 
million years ago that we begin to clearly 
see placental mammal lineages (4). Why did 
virtually all placental groups—such as pri- 
mates, bats, ungulates, and whales—appear 
so abruptly in the fossil record? Where are the 
transitional forms that must link the diminu- 
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tive insectivores of the Mesozoic to today’s 
multitude of mammals? 

In the 1990s, molecular phylogenetic 
studies yielded divergence ages far older than 
the fossil evidence indicated (5). In the ensu- 
ing debate among molecular phylogeneti- 
cists and paleontologists, the classical Ceno- 
zoic rapid-radiation hypothesis was renamed 
the explosive model. Scenarios supported by 
the molecular divergence dates were termed 
short-fuse and long-fuse models, depending 


ok 


Hypothetical placental ancestor 


on whether they purported that extant clades 
began their evolutionary bursts long before 
(short-fuse) or just before (long-fuse) the 
start of the Cenozoic (6). 

Given the notoriously incomplete nature of 
the fossil record, the revised and much older 
dates gained traction. The older dates were 
also attractive for their biogeographic impli- 
cations. About 200 million years ago, the 
supercontinent Pangea began to split apart ina 
process that neared completion about 52 mil- 


Placental “explosion” 


n> 


K-Pg extinction event ~66 million years ago 


pare 


Mammals 


Support for a classical hypothesis. The fossil record has long reinforced the hypothesis that placental mammals did 
not begin to evolve and diverge until after the impact of a massive asteroid ~66 million years ago. A tour-de-force 
morphological phylogenetic analysis by O'Leary et al. supports this hypothesis, positing that the ancestral placental 
mammal was small and insectivorous. The authors further conclude that the first split in the phylogeny was between the 


Non-avian dinosaurs 


xenarthran clade (anteaters, sloths, and armadillos) and all other placental mammals. 
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lion years ago. With dates as old as 100 mil- 
lion years ago, hypothesized by the molecular 
clock studies, the placental radiation could be 
explained by continental breakup (7). Taxon- 
omy followed suit, with major clades named 
for the landmasses on which they were postu- 
lated to have evolved (8). 

O’Leary et al. now shed doubt on this 
sequence of events. They have used cladis- 
tic methods to reconstruct the characteris- 
tics of a hypothesized placental ancestor that 
evolved soon after the K-Pg event 
and after the complete sundering 
of the ancient supercontinents. This 
ancestral mammal is inferred to be 
the predecessor of the explosive 
radiation of placental mammals at 
~60 million years ago, thus requir- 
ing long-distance dispersal, perhaps 
over large bodies of water, to explain 
the present-day distribution of pla- 
cental species. 

Today, sophisticated theoretical 
and computational methods are used 
to estimate and calibrate molecular 
phylogenetic branch lengths (which 
represent time) (9). Together with 
improved methods for integrating 
fossil and molecular data (/0), dates 
derived from molecular phylogenies 
have inched closer to those implied 
by the fossil record and the explo- 
sive model, though in these studies, 
researchers have concluded that at 
least some modern placental groups 
evolved prior to the K-Pg extinction 
event (//, /2). Is the approach used 
in the O’Leary ef al. study directly 
comparable to these recent molecu- 
lar phylogenetic studies? Not really, 
as it turns out. 

Owing to the very large mor- 
phological data set evaluated by 
O’Leary et al., the authors devoted 
most of their analytical energy to 
scoring characteristics and esti- 
mating the shape of the tree rather 
than the length of its branches. For 
age estimation, they turned to fos- 
sil calibrations and a rarely used 
method, ghost lineage analysis. 
Typical molecular phylogenetic 
studies use fossils as the vari- 
able for solving the molecular rate 
equation (/3). The ghost lineage 
approach instead uses the defining 
morphological characteristics that 
align fossils with living clades to 
calibrate the phylogeny as a whole. 
This it does by using direct fossil 
evidence for the earliest appear- 
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ance of lineages and by inferring the pres- 
ence of “ghost lineages” not documented in 
the fossil record but implied by sister-group 
relationships. 

To understand the method, consider the 
lemurs of Madagascar. There are no known 
fossil lemurs, only unfossilized bones of 
lemurs that went extinct in the past 12,000 
years. A direct reading of this record would 
yield the conclusion that lemurs evolved a 
few thousand years ago (/4). However, we 
know that the closest relatives of lemurs are 
the Lorisiformes of Africa and Asia. The fos- 
sil record reveals that within the Lorisiformes, 
lorises and galagos diverged from each other 
by 39 million years ago (/5), thus establishing 
a minimum age for lorisiforms and—because 
lemurs must have split off before that diver- 
gence—for lemurs. Thus, we infer that the 
lemurs are the product of a ghost lineage that 
has persisted for at least 40 million years. 


O’Leary et al.’s study offers a level of 
sophistication and meticulous analysis of 
morphological and paleontological data 
that is unprecedented. By analyzing a mor- 
phological data set an order of magnitude 
greater than prior analyses, and integrat- 
ing fossils within the phylogenetic analysis, 
they conclude that the origin and divergence 
of placental mammals must have occurred 
entirely after the K-Pg event. Even so, the 
reliance of age estimation procedures on a 
single phylogeny and the disregard for the 
consequences of branch lengths leave us 
wanting more. Future studies are sure to 
benefit from probabilistic modeling and sta- 
tistical methods such as those being devel- 
oped in (/0). These methods bring morpho- 
logical and molecular data into the same sta- 
tistical analytical framework, allowing the 
fossils to explicitly influence the estimation 
of branch lengths. 
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CHEMISTRY 


Copying Biology's Ways 


with Hydrogen 


Fraser A. Armstrong 


ydrogen (H;), produced from solar 
He= and water, offers the ultimate 

solution for generation and storage 
of renewable energy. The challenge is to find 
catalysts suitable for economic large-scale 
production (made from earth-abundant ele- 
ments) that can interconvert H, and water rap- 
idly without a large excess thermodynamic 
cost (which would waste available energy). 
The most efficient catalyst for electroly- 
sis of water is the noble metal platinum, but 
microbes deal very well with H, by exploit- 
ing iron (Fe) and nickel (Ni), dressed up with 
special ligands and buried inside enzymes 
known as hydrogenases (/). Hydrogenases 
are extremely efficient catalysts for produc- 
ing and oxidizing H, at rates exceeding thou- 
sands per second near the reversible potential, 
and establishing their mechanism is crucial 
for future H, technology (2). On page 682 of 
this issue, Ogo ef al. (3) describe a synthetic 
analog of the active site of [NiFe]hydroge- 
nases that oxidizes H, via a hydride-contain- 
ing intermediate formally equivalent to the 
most reduced catalytic state of the enzyme. 
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A minimal hydrogenase mechanism. The catalytic 
cycle shown for the core of [NiFe]lhydrogenases is 
based on the constraints that only protons and elec- 
trons can enter or leave the active site, and do so 
singly. The reaction and species highlighted in blue 
is the equivalent chemical transformation reported 
by Ogo et al.; OMe- is the methoxide ion. 


In hydrogenases, the Ni atom is coordi- 
nated by four cysteine thiolates, two of which 
form bridges to the Fe atom, which is fur- 
ther coordinated by one carbon monoxide 
(CO) and two cyanide ligands. Model com- 
pounds are ultimately dictated by what is syn- 
thetically feasible and stable, and in the com- 


A model iron-nickel compound that mimics the 
core of hydrogenase enzymes provides insights 
into the formation of the H~ intermediate. 


pounds described by Ogo et al., an almost 
planar Ni(II) is coordinated by two N donors 
and two thiolate S donors—the latter bridging 
to an Fe(II) that is also coordinated by three 
triethylphosphites, which mimic the soft 
ligand environment of the Fe in the enzyme 
and provide steric stabilization. 

Critics will argue that the analog lacks 
the outer shells of the enzyme’s active site 
and that the best bio-inspired catalysts have 
a nitrogen base fixed at close range. None- 
theless, the stepwise details of H, oxida- 
tion described by Ogo et al. reveal intrinsic 
aspects of the [Ni"(SR),Fe"] core (where SR 
is a thiol group) that have otherwise been elu- 
sive. In direct studies of the enzyme mech- 
anism, locating H atoms in intermediates is 
challenging, as most are highly reactive and 
may contribute no signal in electron para- 
magnetic resonance (EPR) studies. 

The mechanism of [NiFe]hydrogenases 
outlined in the figure arises by consider- 
ing the constraints governing discrete steps 
rather than intrinsic properties of states. Iso- 
tope exchange experiments have shown that 
H-H bond cleavage is heterolytic, form- 
ing a metal-bound hydride and a proton (/). 
Further constraints arise from the isolated 
nature of the active site; hydrogen can only 
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enter or leave the active site as H*, and elec- 
trons must do so in single, long-range trans- 
fers. For the enzyme, the five-coordinate, 
16-valence-electron, low-spin Fe(II) would 
be the first guess for the primary target of 
H, binding, the paradigm being Kubas’ com- 
pound (4), in which sideways coordination 
of H, uses the metal’s d orbitals for back- 
bonding with the o, antibonding orbital. 
Nonetheless, the inhibitor CO binds at the 
Ni site of the enzyme (5), and calculations 
indicate that H, binding is equally likely at 
Ni or Fe (6). 

There is no evidence that Fe exists in any 
other state than diamagnetic Fe(II) during 
catalysis, so how could the sixth site on the 
Fe remain empty, and what role does the Fe 
perform? In the model complex, before reac- 
tion with H,, the sixth site is occupied by a 
solvent MeCN molecule, yet the location of 
the H- ligand in the product does not prove 
that Fe is also the site for transient binding of 
H,. No H, adduct of hydrogenases has ever 
been detected, suggesting that H-H cleavage 
occurs immediately upon binding; the proton 
transfers to a nearby base, most likely a termi- 
nal cysteine S atom. 

In [FeFe]hydrogenases, a pendant (over- 
hanging) amine lies within 3.5 A of the Fe 
atom likely to bind H,, and the best functional 
analogs, which interestingly contain a sin- 
gle Ni atom, also depend on a pendant base 
(7). The NiFe analog requires a strong base, 


methoxide, to abstract H* and form the H- 
complex (highlighted in blue in the figure). 
The need for such a strong base reflects both 
the inefficient bimolecular nature of this reac- 
tion and the importance of synchronous pro- 
ton transfer. 

The H- complex, structurally character- 
ized by neutron diffraction and nuclear mag- 
netic resonance spectroscopy, is equivalent 
to the enzyme state known as Ni-R, formu- 
lated as a hydrido Ni'-Fe" species. Ogo et 
al. focus our attention on the Fe by unam- 
biguously showing that Fe is the site of 
H_ binding after heterolytic cleavage and 
also establish its viability for the same func- 
tion in the enzyme. The analogous prod- 
uct that formed with a similar complex, in 
which Fe is replaced by ruthenium (Ru), is 
a metal-metal bonded Ru(I)-Ni(I) species 
with a bridging proton located closer to the 
Ni (8). The Ni(N,S,) geometry is unchanged 
when the Fe—H bond is formed, although the 
Ni-Fe distance contracts from 3.32 to 2.79 
A. The retention of ligand geometry about Ni 
argues against its being directly involved in 
the initial activation step. 

In the enzyme, oxidation of Ni-R gives 
the intermediate Ni-C—a Ni(II) species in 
which H~ is coordinated to the Ni but in a 
bridging position with respect to Fe, as shown 
by EPR studies (9). If H- formed first at Fe, 
one-electron oxidation might require that it 
relocate to the Ni, which can be formally oxi- 
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dized to Ni(II), unlike the Fe atom, which 
is difficult to oxidize above Fe(II) because 
it bears a CO ligand. In the next stage, the 
His oxidized to H*. Departure as H* neces- 
sitates synchronous reduction to Ni(I) or to 
an intermediate with Ni(II) and Fe(I). Such 
a Ni(1) species has not been established as an 
intermediate but may be analogous to a state 
known as Ni-L produced upon low-tempera- 
ture illumination (9). Whatever the nature of 
this intermediate, its one-electron oxidation 
completes the cycle. 

Most H transfers in biology use NADH 
(dihydronicotinamide adenine dinucleotide). 
In contrast, transition-metal H- ligands such 
as that reported by Ogo et al. can be generated 
and activated by successive electron transfers 
to increase hydridicity for more demanding 
reactions. The H’ ligand adds “hidden” two- 
electron capacity to a d metal, and we are 
likely to see many more examples. 
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PLANT SCIENCE 


Jack of All Trades, 
Master of Flowering 


Jonas A. H. Danielson and Wolf B. Frommer 


rtists and scientists have long pon- 
Aw the beauty and mystery of 

flowers and their origins. To Mau- 
rice Maeterlinck, the Nobel laureate in lit- 
erature, the most striking feature of plants 
was the diversity of flowers, organs that 
evolved to enhance sexual reproduction 
(1). Charles Darwin was fascinated with the 
rapid expansion and dominance of flowering 
plants (angiosperms) in the late Cretaceous, 
a phenomenon he called “the abominable 
mystery” (2). Along with the evolution of 
flowers came the need for plants to trigger 
flowering at the right time. On page 704 of 
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this issue, Wahl et al. report that an inter- 
nal cue—the sugar metabolite trehalose-6- 
phosphate (T6P)—helps to ensure that flow- 
ering occurs at the time optimal for success- 
ful reproduction (3). 

The evolution of flowering plants accel- 
erated greatly ~100 million years ago with 
the development of flowers and their role 
in recruiting animals to help distribute pol- 
len and seeds. The daily and seasonal tim- 
ing of flowering evolved to ensure sufficient 
energy and nutrients to produce vigorous 
and healthy seeds (4, 5). In 1936, the Rus- 
sian scientist Mikhail Chailakhyan proposed 
that a mystery substance acts as a mobile 
signal that underlies flowering. Analogous 
to a morphogen—a mobile substance that 
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A sugar derivative links nutrient availability 
in plants to the control of flowering. 


helps to create asymmetry during develop- 
ment and patterning of organs in animals— 
he named this substance “florigen.” Since 
then, the nature of florigen remained an 
enigma. In the past decade, research on the 
model flowering plant Arabidopsis thaliana 
has led to the widely accepted hypothesis 
that a protein called Flowering Locus T (FT) 
acts as a florigen (4, 5). FT production is 
initiated in leaves in response to changes in 
the photoperiod (the relative lengths of the 
light and dark periods), determined by light 
receptors and the plant’s internal circadian 
clock. FT then translocates, through vascu- 
lar cells comprising the phloem, to the shoot 
apical meristem, where it triggers flowering. 
Although FT is the best-characterized trig- 
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Cell division 


Checkpoint sugar. The sugar phosphate T6P can 
assume the role of an energy checkpoint during 
development. (A) In the budding yeast Saccharo- 
myces cerevisiae, the decision to proceed through 
cell division is controlled by T6P (11). (B) The rice 
blast fungus Magnaporthe oryzae uses T6P to sense 
the environment and initiate infectious growth as a 
response to the increased sugar concentrations in 
the plant cell. (C) T6P regulates flowering both in 
the leaf and in the shoot apical meristem. 


ger for flower development, day length is but 
one of several cues affecting flowering reg- 
ulation. Other pathways, such as vernaliza- 
tion (prolonged cold treatment) and age, as 
well as substances, particularly sugars and 
the plant hormone gibberellin, also have 
been implicated in floral induction. Thus, 
the transition to flowering is complex and 
involves the convergence of multiple signals 
onto the flowering gene circuitry (6). In the 
face of this complexity—which is probably 
key to evolutionary bet hedging on the part 
of the plant (7)—we still lack an understand- 
ing of fundamental components of the pro- 
cess of floral regulation, specifically how the 
nutritional status, which is key to the pro- 
duction of viable seed, affects this transition. 

Wahl et al. show how the plant’s metabolic 
status may feed into the developmental deci- 
sion to flower through the sugar phosphate 
TOP. Trehalose, while present at low amounts 
in most plants, is a jack of all trades: Insects 
use it as an energy source; worms and some 
plants use it as an osmolyte; and it protects 
enzymes from dehydration (trehalose sta- 
bilizes enzymes, for example, when water 
is scarce) (8). Wahl et al. reveal that T6P is 
sufficient to trigger flowering in Arabidopsis 
when it is produced in the shoot apical meri- 
stem and that T6P contributes to the produc- 


ky 


tion of mobile FT 
in leaves (see the 
figure). The authors 
show that in leaves, the T6P biosynthetic 
pathway has a gating role for the photope- 
riod pathway—that is, T6P allows the plant 
to mature from a juvenile stage to a reproduc- 
tive, flower-producing stage. Because sucrose 
can trigger flowering, and because T6P con- 
centrations correlate strongly with sucrose 
availability (9), T6P creates a link between 
the carbohydrate status of the leaf and the FT- 
flowering pathway. This link provides a pos- 
sible means to ascertain that flowering is initi- 
ated when sufficient resources are expected to 
be available (energy reserves and nutrients) to 
complete the plant’s reproductive life cycle. 
Independent of this function, T6P also affects 
the transition to flowering directly at the shoot 
apical meristem. Wahl et al. observed that 
in the meristem, the action of T6P partially 
overlaps with the age-related signaling path- 
way that involves miR156, a microRNA that 
represses flowering. 

The role of a unique and low-abundance 
sugar phosphate in decision-making in plant 
development is evolutionarily interesting. 
That T6P is a key regulator of developmen- 
tal decisions in plants and fungi (/0) points 
to the possibility of an evolutionarily con- 
served and ancient function in develop- 
mental transitions. Information on energy 
and nutritional status—whether conditions 
are such that enough reserves will likely be 
available for completion of flowering and 
seed production—is likely key for the deci- 
sion to flower by the plant. It may be that 
plants use checkpoints in this process, anal- 
ogous to the role of checkpoints, in the deci- 
sion for cells to divide. Perhaps T6P, act- 


Ve 


No flo 


ing as a proxy for energy 
status, has to increase to a 
concentration that meets 
the checkpoint require- 
ment (//). When mul- 
tiple criteria are met 
(plant size, energy 
status, and favor- 
able conditions), flo- 
rigen is produced 
and exported from 
the leaf. Although T6P 
may act as an allosteric 
effector—that is, by bind- 
ing to a regulatory protein 
and thereby changing its 
activity—analysis of T6P 
synthesis in the rice blast 
fungus Magnaporthe ory- 
zae indicates that the bio- 
synthetic enzyme T6P syn- 
thase, rather than its product TOP, is the key 
signaling molecule in fungal development 
(10). If so, this would be similar to the idea 
that hexokinase has a dual function as an 
enzyme and glucose sensor (/2). 

It remains unclear exactly how plant 
sucrose affects the concentration of T6P, 
or how T6P or T6P synthase act mechanis- 
tically as a signal. The findings of Wahl et 
al. will enable the unraveling of T6P sig- 
naling networks and further exploration of 
how various signals are integrated to control 
flowering. In many organisms, T6P serves as 
a stress signal in cold temperatures and dur- 
ing drought. It is possible that stress-induced 
T6P production in plants could override 
repressive signals and trigger premature 
flowering. T6P may thus not only act in gat- 
ing checkpoints to optimize plant reproduc- 
tion, but under less favorable conditions, it 
may trigger premature flowering in a last- 
ditch effort to produce descendants. 
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Carl R. Woese (1928-2012) 


Nigel Goldenfeld' and Norman R. Pace? 


arl Woese was not a well-known per- 
( sonality outside of microbiology 

and evolutionary biology, but he for- 
ever changed our understanding of the bio- 
sphere and its evolution. He passed away at 
his home in Urbana, Illinois, on 30 Decem- 
ber 2012. Carl Woese developed the modern 
gene sequence—based understanding of bio- 
logical organization, showing that the evolu- 
tionary history of lineages can be tracked to a 
common ancestral state. In doing so, he dis- 
covered the third domain of life, which came 
to be known as the archaea. His story is the 
epitome of the outsider, a lone and dedicated 
visionary who overthrew a century of dogma 
and established thought and brought about 
a revolution that has touched every area of 
modern biology. 

An unrepentant iconoclast, Woese skirted 
popular areas of molecular biology and chose 
instead to pursue evolutionary questions. He 
became the foremost expert on all aspects of 
the genetic code, which he foresaw held the 
key to a deep understanding of life. His 1967 
book The Genetic Code broached the notion 
of a prebiotic “RNA world,’ still a focus of 
thought on the origin of life. He made fun- 
damental contributions to how we determine 
and understand large RNA structures. But 
Woese’s most groundbreaking achievement 
was his use of primitive nucleic acid sequenc- 
ing technology to compare ribosomal RNA 
(rRNA) sequences from diverse organisms, 
mostly microbes, and to report in 1977, with 
George Fox, the first scientifically based phy- 
logenetic tree of life—in essence a map that 
revealed the large-scale organization of life 
and the early course of evolution. 

Woese’s findings and interpretations of 
data clashed with the prevailing scientific wis- 
dom of the time. The model of deep evolution 
then—still taught in most of our textbooks 
today—was that all life is one of two kinds, 
prokaryote or eukaryote, and that prokary- 
otes gave rise to more modern eukaryotes. 
Instead, Woese’s data showed three kinds of 
organisms and thus, three domains: eukary- 
otes, the classic bacteria, and the newly dis- 
covered archaea. The concept of prokaryotes 
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had no phylogenetic justification; the eukary- 
otic nuclear lineage (in contrast to the bacte- 
rially derived mitochondria and chloroplasts) 
did not originate more recently than bacteria 
or archaea, but was primordial and a sister 
group to the archaea. These radical claims 
inflamed many evolutionists, but his three- 
domain classification is now widely accepted 
and is supported by much correlation. Woese 
was personally stung by the harsh criticism, 
but as he once exclaimed, “I point at the moon 
and they focus on my finger!” 

One development that Woese did not 
anticipate was his profound impact on 
microbial ecology. Microbial ecosystems 
are the foundation of Earth’s biosphere. Yet, 
before Woese’s sequence-based phylogenetic 
framework developed, there was no mean- 
ingful way to survey the microbes that make 
up the natural microbial world. With Woese’s 
phylogenetic reference framework based 
on sequences, microbiologists could isolate 
rRNA and rRNA genes from the environ- 
ment for sequence analysis, and thus identify 
and study environmental organisms. Micro- 
bial ecology was boosted from a moribund 
state to one of the most vibrant fields of biol- 
ogy, with important ramifications for medi- 
cine, as evidenced by the ongoing Human 
Microbiome Project. 

Woese’s discoveries showed that all life 
on Earth descended from an ancestral state 
that existed 3.5 to 3.8 billion years ago, with 
the key elements of the modern cell already 
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A visionary microbiologist focused on evolution 
and discovered a third domain of life, archaea. 


in place. Woese regarded the rapidity of this 
initial phase of life to be the most remarkable 
aspect of his discoveries, implying that before 
this time, the nature of the evolutionary pro- 
cess must have had a different tempo and 
mode from that of the present epoch. 

Carl Woese was born in 1928 in Syra- 
cuse, New York. He studied mathematics and 
physics as an undergraduate at Amherst Col- 
lege in Massachusetts, and earned a Ph.D. in 
biophysics at Yale University in 1953. Being 
interested in phylogeny, he took considerable 
pride in his own heritage in physics. His Ph.D. 
mentor, the biophysicist Ernest Pollard, was 
a student with physics Nobel laureate James 
Chadwick, himself a student of the chemist, 
physicist, and Nobel laureate Ernest Ruther- 
ford, who was in turn a student of the physics 
Nobel laureate J. J. Thomson. Woese devel- 
oped interests in the origin of the genetic code 
and ribosome while working as a biophysicist 
with General Electric Research Laboratory. 
In 1964, Sol Spiegelman invited him to join 
the faculty of the University of Illinois, where 
he remained until his death. He received 
much recognition over the years, including 
a MacArthur Fellowship; membership in the 
US. National Academy of Sciences and the 
Royal Society; the U.S. National Medal of 
Science; the Royal Netherlands Academy of 
Arts and Sciences Leeuwenhoek Medal, con- 
sidered the highest award in microbiology; 
and the Royal Swedish Academy of Sciences 
Crafoord Prize in Biosciences, a parallel to 
the Nobel Prize. 

Although he pursued his life’s work with 
a dedication, intensity, and even gravitas 
that has rarely been matched, Woese imbued 
his research with a personal sense of fun 
and playfulness. He was a complex man, 
but those with whom he was able to share 
his passions found him brilliant, witty, bru- 
tally honest, generous, and humble. Woese 
often attributed his success in biology to his 
training as a physicist. Once, appalled by 
an immodest parody of a famous quote by 
Newton, he quipped: “If I have seen further 
than others, it is because I was looking in 
the right direction.” Woese indeed saw miles 
ahead of the rest of us. His passing leaves 
the microbiology community feeling, as he 
would surely put it (and with a nod to his 
love of jazz), “kind of blue.” 
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The Placental Mammal Ancestor 
and the Post-K-Pg Radiation 


of Placentals 
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To discover interordinal relationships of living and fossil placental mammals and the time of 
origin of placentals relative to the Cretaceous-Paleogene (K-Pg) boundary, we scored 4541 
phenomic characters de novo for 86 fossil and living species. Combining these data with molecular 
sequences, we obtained a phylogenetic tree that, when calibrated with fossils, shows that 

crown clade Placentalia and placental orders originated after the K-Pg boundary. Many nodes 
discovered using molecular data are upheld, but phenomic signals overturn molecular signals to 
show Sundatheria (Dermoptera + Scandentia) as the sister taxon of Primates, a close link 
between Proboscidea (elephants) and Sirenia (sea cows), and the monophyly of echolocating 
Chiroptera (bats). Our tree suggests that Placentalia first split into Xenarthra and Epitheria; 
extinct New World species are the oldest members of Afrotheria. 


mammals, the very diverse group of spe- 

cies that includes humans, evolved before 
or after the significant extinction horizon known 
as the Cretaceous-Paleogene (K-Pg) event 66 
to 65 million years ago (Ma) (/, 2). Different 
models have been proposed to describe ordinal- 
level diversification either before (short-fuse mod- 
el), near (long-fuse model), or after (explosive 
model) this boundary (3). The ~5100 living pla- 
cental species collectively exhibit extreme size 
ranges (1.5-g bumblebee bat to 190,000-kg blue 
whale); dramatic locomotor diversity (e.g., run- 
ning, flying, and swimming); and diverse de- 
grees of encephalization (4). Moreover, extinct 
species in the placental fossil record are even 
more numerous and exhibit a broader range of 
adaptations (5). Given this diversity, it is of in- 
terest to determine the phenotype of the ances- 
tral placental mammal. 

The hypothesis that the oldest members of 
crown Placentalia [the clade of all living pla- 
cental mammals (6)] were present by ~100 Ma 
in the Mesozoic Era has been supported by mo- 
lecular clock analyses (7-9), which suggest that 
at least 29 mammalian lineages (7), including 
the stem lineages of Primates and Rodentia, 
appeared in Late Cretaceous ecosystems (8) 
and survived the massive K-Pg extinction event. 
However, fossil evidence has not corroborated 
this hypothesis, despite discovery of abundant, 
well-preserved, small vertebrates (/0). By con- 
trast, phenomic phylogenies incorporating fossils 
have placed ordinal and intraordinal specia- 


I is disputed whether orders of placental 


tion of Placentalia after the K-Pg extinction 
event (//). 

Determining placental origins and relation- 
ships has met with the practical challenge of 
codifying phenomic data on a scale compara- 
ble to that for genomic data to produce a max- 
imally informed phylogenetic tree. We built a 
phenomic character matrix (4541 characters; 
403 constant and 482 parsimony uninformative) 
using MorphoBank (/2). The matrix contains 
newly scored characters for 86 species repre- 
senting all living placental orders plus 40 fossil 
species, with more than 12,000 annotated im- 
ages supporting the phenomic homologies. These 
data were examined with molecular sequences 
compiled from 27 nuclear genes from GenBank 
(table S1). 

Placental orders originated after the K-Pg 
boundary. A single tree emerged from our com- 
bined phenomic-molecular parsimony analy- 
sis (Fig. 1; hereafter, “combined tree’); we also 
performed extensive sensitivity analyses using 
other tree-searching methods (/3). We applied 
multiple fossil ages for the oldest members of 
the clades sampled and ghost lineage analysis 
(/4) to this tree to determine minimum diver- 
gence dates using fossils alone (/3). Results sup- 
port the monophyly of most traditional orders 
originally identified on the basis of phenotypes, 
as well as interordinal groupings discovered 
using molecular sequence data (Fig. 1 and Table 
1). Twenty nodes (over 40%) are congruent in 
partitioned molecular and phenomic analyses 
(fig. S2). 


When time-calibrated, this tree indicates 
that none of the six, very complete Mesozoic fos- 
sil species (e.g., Ukhaatherium, Maelestes, and 
Zalambdalestes) sampled falls within crown clade 
Placentalia. Instead, these Mesozoic fossils emerge 
as nonplacental members of Eutheria or at 
lower nodes. This tree suggests that interor- 
dinal and ordinal diversification occurred within 
the first few hundred thousand years after 
the K-Pg event, and the first members of mod- 
ern placental orders began appearing 2 to 3 mil- 
lion years (My) later during the Paleocene. All 
recent clock-based estimates for the ages of key 
clades, with few exceptions, are substantially 
older than indicated by the fossil record (7, 8, 15). 
Ghost lineage estimates are minimum divergence 
dates and may underestimate the timing of ac- 
tual splits. 

We find that only the stem lineage to Plac- 
entalia crossed the K-Pg boundary and then spe- 
ciated in the early Paleocene. We estimate that 
the minimum age of the diversification of crown 
Placentalia is just younger than the K-Pg bound- 
ary, or ~36 My younger than molecular clock— 
based mean estimates derived from supertree 
(15) and supermatrix (7) analyses. We do not 
find support for the hypothesis that 29 to 39 
(7, 15) mammalian lineages, including Afrothe- 
ria, Rodentia, Primates, Lipotyphla, Xenarthra, 
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Fig. 1. Single tree from parsimony analysis of combined molecular and 
phenomic data mapped onto the stratigraphic record (tables $2 and $3). 
Crown clade Placentalia diversified after the K-Pg boundary with only the stem 
lineage to Placentalia crossing the boundary. Black boxes indicate fossil taxa 
hypothesized to be on lineages; black lines indicate stratigraphic ranges; 
ranges and ghost lineages (orange) provide minimum divergence dates. When 
the matrix includes only one terminal taxon of a crown order, two boxes ap- 


a a; a co 


pear: the oldest hypothesized member of the crown clade (the younger date) 
and the oldest hypothesized taxon on the stem to the crown clade (the older 
date). Crown clades (except Eutheria and Metatheria) are defined (table $4). 
Space immediately younger than 65 Ma not to scale showing early Paleo- 
cene interordinal diversification of Placentalia. Crown clades Marsupialia and 
Monotremata also diversified post K-Pg boundary. Bremer support (BS) 
(table S8) above nodes, jackknife values below nodes. 
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Table 1. Comparison of divergence dates for mammalian clades (ta- 
bles $2 and $3) between our combined data analysis, a combined data 
supertree [Bininda-Emonds et al. (15)], and a molecules-only super- 
matrix [Meredith et al. (7)]. Ranges and ghost lineages are illus- 


Oldest crown clade member 


trated in Fig. 1; date calculations are described in (14). Names listed 
specify crown clades (table $4); older dates in (7, 15) are negative 
differences (bold). —, no data; NA, not applicable because clade not 
found in our study. 


Oldest crown clade member—Age midpoint 


Taxon (this study) (range) and difference from our study 
. Clade age  Bininda-Emonds __ Meredith . 
Higher clades Orders Taxon (range) (Ma) et al. (Ma) Difference et al. (Ma) Difference 
Mammalia Dryolestida 166.2 166.2* 1.5 217.8 -50.1 
Linnaeus 1758 [Martin et al. (38)] (167.7-164.7) (203.3-238.2) 
Monotremata Obdurodon insignis 20.0 63.6 + 11.4 —35.2 36.7 -8.4 
Bonaparte 1838 (28.4—11.6) (22.4—103.1) 
Theria Sinodelphys szalayi 127.5 _ = 190.0 —60.0 
Parker & Haswell 1897 (130.0—125.0) (167.2—215.3) 
Marsupialia Peradectes minor 64.85t 82.5 + 11.1 -17.7 81.8 —-17.0 
Illiger 1811 (67.9-97.2) 
Placentalia Protungulatum donnae 64.85t 101.3 + 7.4 36.5 101.3 -36.5 
Owen 1837 (92.1-116.8) 
Xenarthra Riostegotherium yanei 58.3 72.5 + 5.1 -13.5 65.4 -6.4 
Cope 1889 (57.5—59.0) (58.4—71.5) 
Epitheria Protungulatum donnae 64.85t = o NA = 
McKenna (21) 
Afrotheria Prodiacodon crustulum 64.85t 93.4 + 3.0 —28.6 80.9 -16.1 
Stanhope et al. (39) (74.4—96.5) 
Paenungulata Simpsonotus praecursor 61.8 _ _ 64.3 -1.8 
Simpson (40) (62.5—61.0) (56.0—70.6) 
Hyracoidea Prohyrax hendeyi 17.3 19.1 + 0.8 3.9 6.1 16.9 
Huxley 1869 (23.0—11.6) (3.9-8.3) 
Macroscelidea Miorhynchocyon sp. 21.2 50.7 + 7.6 —28.3 49.1 -26.7 
Butler 1956 (22.4—20.0) (37.7—57.2) 
Tethytheria Eritherium azzouzorum 58.7 = _ _ _ 
McKenna (21) 
Proboscidea Primelephas gomphotheroides 14.2 19.5 +12.1 3.5 5.3 177 
Illiger 1811 (23.0—-5.3) (1.8-8.0) 
Sirenia Eotheroides aegyptiacum 44.5 52.2+ 144 -3.6 31.4 17.2 
Illiger 1811 (48.6—40.4) (25.0—34.4) 
Boreoeutheria Protungulatum donnae 64.85t - 2 92.0 -27.2 
Springer & de Jong (41) (82.9-107.6) 
Laurasiatheria Protungulatum donnae 64.85+ 91.8 + 2.6 -27.0 84.6 -19.8 
Waddell et al. (42) (78.5—93.0) 
Lipotyphla Litolestes ignotus 58.3 84.2 + 2.1 -22.5 77.3 —15.6 
Haeckel 1866 (58.9-57.8) (70.7-85.8) 
Chiroptera Archaeonycteris praecursor 55.5 74.9 + 3.3 -19.4 66.5 -11.0 
Blumenbach 1779 (62.3—71.3) 
Perissodactyla Hyracotherium angustidens 52.9 58.2 + 4.9 -2.8 56.8 -1.4 
Owen 1848 (55.4—50.3) (55.1-61.0) 
Pholidota Smutsia gigantea 5.0 19.9 + 20.7 —-12.6 25.3 —-18.0 
Weber 1904 (7.32.6) (16.9-35.7) 
Carnivora Hesperocyon gregarius 43.3 67.1 + 3.8 -20.9 54.7 -8.5 
Bowditch 1821 (46.2—40.4) (47.4—60.6) 
Artiodactyla Cainotherium sp. 44.9 74.1 + 3.1 -18.3 65.4 -9.6 
Owen 1848 (55.8-33.9) (62.3—68.5) 
Euarchontoglires Purgatorius coracis 64.85t 94.5 + 2.0 -29.7 83.3 -18.5 
Murphy et al. (88) (74.1-97.8) 
Euarchonta Purgatorius coracis 64.85t = _ 82.0 -17.2 
Wadell et al. (42) (73.7-97.4) 
Primates Teilhardina brandti 53.1 87.7 + 2.7 -31.9 71.5 -15.7 
Linnaeus 1758 (55.8-50.3) (64.3—78.4) 
Dermoptera No crown clade fossils No crown 13.0 + 5.2 _ 7.4 _ 
Illinger 1811 clade fossils (4.5-13.2) 
Scandentia Eodendrogale parvum 42.9 32.7 + 2.6 15.9 55.9 -7.3 
Wagner 1855 (48.6—37.2) (45.0-63.9) 
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Oldest crown clade member—Age midpoint 


Taxon (this study) (range) and difference from our study 
; Clade age  Bininda-Emonds __ Meredith . 
Higher clades Orders Taxon (range) (Ma) et al. (Ma) Difference et al. (Ma) Difference 
Glires Mimotona wana 63.4 _ _ 79.5 -14.5 
Linnaeus 1758 (65.0-61.7) (71.5-94.1) 
Rodentia Sciuravus sp. 56.8 85.3 + 3.0 -28.5 69.0 -12.2 
Bowditch 1821 (64.1-74.8) 
Lagomorpha Leporidae 53.0 66.8 + 5.1 —13.8 50.2 2.8 
Brandt 1885 [Rose et al. (43)] (47.4—-56.9) 


*Fixed calibration point. 


4035-39 


4072-77 


4531-32 / 


4088-89 ¥ 


4003/4538. —. 


4058 


4168-4173 


Fig. 2. Reconstructions of the phenotype of the hypothetical placental 
ancestor derived from the combined data matrix optimized onto the tree in 
Fig. 1. The mammal is shown in an early Paleocene ecosystem. (A) External 
body, posture, and diet of insectivory; asterisk depicts the plant Paranymphaea 


Artiodactyla, and Chiroptera, each crossed the 
K-Pg boundary. 

We recognize Protungulatum donnae as the 
oldest undisputed species within crown Plac- 
entalia (Fig. 1), and this species dates to the 
earliest Paleocene (/3) within an interval ex- 
tending from the K-Pg boundary to ~200,000 to 
~400,000 years later (16, 17). Integration of 
fossils as primary data in the phylogeny indicates 
that ~10 interordinal speciation events might 


have occurred in as little as 200,000 years. Most 
of the fossil species sampled across Placentalia 
fall either within ordinal crown clades or on the 
immediate stem to ordinal crown clades (excep- 
tions are stem taxa to Glires, Tethytheria, and 
Euungulata). 

Our results also imply that the total clade 
Eutheria (all species more closely related to 
Placentalia than to any other living species) is 
younger than estimated from prior studies. The 


tAge between 65.0 and 64.7 Ma, in the Cenozoic portion of Chron C29r, 230 to 420 ky above the K-Pg boundary (1, 2). 


crassifola of the early Paleocene. (B) Cranium and dentary bone, (C) skeleton, 
(D) brain in left lateral view, (E) ear ossicles and ectotympanic bone, (F) 
uterus, and (G) sperm cell. Numbers designate a subset of the numerous 
phenomic characters used to build these reconstructions (appendix $1). 


Cretaceous fossil Eomaia scansoria (125 Ma) 
has previously been called a placental (/8) or 
eutherian (//, 18, 19); however, we find with 
100% jackknife support that Eomaia falls out- 
side of Eutheria as a stem taxon to Theria. The 
oldest age of Eutheria in our study is con- 
strained by taxa such as Maelestes and is 91 Ma. 
The age of Theria is 127.5 Ma, a clade that some 
molecule-based estimates previously suggested to 
be 190 Ma (7). 
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Phenomic topologies dominate for key clades. 
We resolve the basal diversification within Plac- 
entalia, a historically unstable node (20), as a 
split between Xenarthra and Epitheria (all other 
placentals; 89% jackknife and Bremer support 
of 14 steps). These clades were previously pre- 
dicted to be monophyletic on the basis of phe- 
nomic data alone (2/). The phenomic data-only 
tree (fig. S2A) supports the clade Sundatheria 
[Scandentia (treeshrews) + Dermoptera (flying 
lemurs)] as the sister taxon of Primates, a topol- 
ogy that prevails in the combined analysis, in 
contrast to molecules-only trees that favored 
Dermoptera in this role (7, 22), 

The existence of two clades within bats 
(Chiroptera), one that echolocates (Microchi- 
roptera) and one that does not (Megachiroptera), 
emerges from the phenomic-only analysis (fig. 
S2A), in contrast to molecule-based results (fig. 
S2B) (7, 23, 24). Microchiroptera in our com- 
bined data tree has low support, most likely 
because the molecules-only and phenomic- 
only trees each had 100% jackknife support 
for mutually incompatible hypotheses. In the 
combined tree, the phenomic signal is upheld 
relative to the molecular signal. The arrange- 
ment of two Eocene fossil bats (Onychonycteris + 
Icaronycteris) as a sister clade to extant Mi- 
crochiroptera also differs from prior results 
(25). Molecules alone, here (figs. S2B and S3 
to S6) and in prior studies (7), do not support 
Tethytheria. Phenomic data alone do support 
Tethytheria, and the combined data tree re- 
tains Tethytheria with relatively strong support, 
which corroborates previous combined data 
analyses (26). 

Regarding extinct species, many fossil hoofed 
mammals are part of Laurasiatheria, and ex- 
tinct relatives of Carnivora known as Creo- 
donta lack deep linkages to African taxa (27). 
Endemic South American ungulates are split be- 
tween Pan-Euungulata and Afrotheria (28). The 
fossil Rhombomylus has lagomorph (rabbit) 
affinities (29), which implies that loss of incisors 
occurred independently in Rodentia and Lago- 
morpha. Extinct Palaeanodonta (Metacheiromys) 
falls closer to Pholidota than to Xenarthra (30), 
and Moeritherium is a member of Tethytheria. 

Reconstructing the placental ancestor and 
its dental formula. Integration of data for both 
fossil and living species permits reconstruc- 
tion of ancestral nodes across the placental 
tree by using optimizations (Fig. 2 and ap- 
pendix S1). We reconstructed the hypotheti- 
cal placental ancestor using synapomorphic 
and symplesiomorphic characters. It weighed 
between 6 and 245 g (character 2026), was 
insectivorous (characters 4531 and 4532) and 
scansorial (character 4538), and single young 
were born hairless with their eyes closed (char- 
acter 4290). Females had a uterus with two horns 
(character 4265) and a placenta with a tropho- 
blast (character 4295), and males produced 
sperm with a flat head (character 4274) and 
had abdominal testes (characters 4228 and 


4229) positioned just caudal to the kidneys. 
The brain was characterized by the presence 
of a corpus callosum (character 4493), an en- 
cephalization quotient greater than 0.25 (char- 
acter 4460), facial nerve fibers that passed 
ventral to the trigeminal sensory column (char- 
acter 4492), and a cerebral cortex that was 
gyrencephalic (character 4462) with distinctly 
separate olfactory bulbs (character 4482). A 
hemochorial placenta (character 4313) opti- 
mizes unambiguously to the base of Placen- 
talia (3/7). The basal placental also lacked an 
endodermal cloaca (character 4226), having 
separate anal and urogenital openings. 


Osteologically (Fig. 2), the placental an- 
cestor had a triangular, perforate stapes (char- 
acters 878 and 882) and lacked epipubic bones 
(character 3290). Reconstructing soft tissues 
not preserved in fossils is best done by op- 
timization (32) when both soft tissues and 
osteology have built the underlying tree. The 
path of the internal carotid artery sometimes 
leaves channels on adjacent bones and is fre- 
quently reconstructed in fossils (33). We find 
that this artery (scored as a soft tissue charac- 
ter in living species) optimizes as present in 
the ancestor of Placentalia; however, the three 
osteological correlates of the artery are each 


Marsupialia 


non-marsupial 
metatherians 


Theria common ancestor: 
(7 postcanine teeth with 
some variation to 8, 

4-5 premolars, 3 molars) 


Metatheria common ancestor: (7 postcanine teeth, 
3 premolars, 4 molars, passed on to Marsupialia) 


METATHERIA 


THERA ———> 4424 d debeses 


Adult Postcanine Dental Formulae 


in matrix adult tooth is directly compared to 
deciduous teeth of ct -metatherian taxa 


6 4 ddresenes 


p2 p4 dpd5 m1 m2 m3 


p1 p2 Ks p4 ps mi m2 m3 


Eutheria common ancestor: EUTHERIA 
(7-8 postcanine teeth, 4-5 premolars, 3 molars) 
non-placental 
suacohas 4 dz A deseses 
pi p2 bs p4 p> m1 m2 m3 
Placentalia 
RE liom ancestor: d 4 d deseses 
(7 postcanine teeth: 4 premolars, 3 molars) pi p2 p4 pS m1 m2 m3 
A 
MOAwmGY vy y y 
=) 
Pres PSSODIAND 
11 i213 ¢ iu Me a 
B =ue 


Fig. 3. (A) Split between Placentalia and Marsupialia and homologies of hypothesized adult 
postcanine dental formulae. Gray lines indicate adult teeth compared for cladistic scoring. (B) 
Reconstructions of the dentition of the hypothetical placental ancestor based on optimization 
(appendix $1, see also figs. $11 to S14). Views are left side. From top to bottom: occlusal upper 
teeth, labial upper teeth, labial lower teeth, and occlusal lower teeth. p, premolar; dp, deciduous 


premolar; m, molar. 
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absent (appendix S1). Thus, the conservative 
hypothesis is that the artery was present in the 
placental ancestor but did not leave an osteo- 
logical correlate. 

We have implemented a revised postcanine 
tooth formula for clades within Theria and re- 
constructed the dentition of the hypothetical 
placental ancestor (Fig. 3A). Complexities of 
homology arise in Theria regarding the num- 
ber of premolars [any postcanine tooth with 
two generations (deciduous or “baby” teeth and 
permanent or “adult” teeth) or a postcanine 
tooth anterior to a tooth with two generations 
(34)]. Molars, by contrast, have a single gen- 
eration and are posterior to teeth that are 
replaced. Metatheria (and Marsupialia) prim- 
itively have seven postcanine teeth, three of 
which are premolars. The common ancestor of 
Placentalia also had seven postcanine teeth, 
but four of these were premolars, and some 
nonplacental eutherians had as many as five 
premolars (//). 

The primitive dental formula for Theria op- 
timizes on our tree (Fig. 3) to be seven post- 
canine teeth: four premolars and three molars 
(Fig. 3A). Both Metatheria and Placentalia have 
each lost the third premolar (p3/P3) during 
evolution. We hypothesize that the first tooth 
in the molar series in Metatheria is homolo- 
gous to the deciduous p5 (dp5) of eutherians, 
including placentals (34, 35). What has been 
lost in Metatheria is the p5 locus tooth re- 
placement. The implication for phylogenetic 
work is that a tooth at the fourth postcanine 
locus of an adult metatherian (the retained 
dp5) must be compared directly with a tooth 
in the dentition of a juvenile placental (the 
dp5). Accordingly, we revise the postcanine 
dental formula for Theria such that the prim- 
itive adult dentition for Placentalia consists 
of upper and lower pl, p2, p4, p5, ml, m2, 
and m3 [see (33)]. The reconstructed ances- 
tral placental dentition lacks lower fourth 
and upper fourth and fifth incisors (charac- 
ters 1327, 1388, and 1391), lacks canine di- 
morphism (characters 1404 and 1428), and 
has small stylar shelves on the upper molars 
(characters 2330 and 2476) (Fig. 3B and ap- 
pendix S1). 

Biogeography and placental paleoenvi- 
ronments. Our relatively younger age esti- 
mate for Placentalia means that there is no 
basis for linking placental interordinal diver- 
sification to the Mesozoic fragmentation of 
Gondwana (8). The most ancient members of 
Afrotheria included in our tree are extinct South 
American ungulates and the North American 
fossil Leptictis dakotensis, which suggests that 
Afrotheria did not originate in Africa. The 
oldest afrotherian is the North American lep- 
tictid Prodiacodon crustulum, whose antiq- 
uity constrains Afrotheria’s minimum age and 
extends several afrotherian lineages into the 
early Paleocene (Fig. 1). Members of Afrotheria 
would have been present in two regions of 


the New World by the early Paleocene. Given 
that afrotheres are not found in the Mesozoic 
and that South America was an island con- 
tinent for most of the Late Cretaceous and 
Cenozoic, a vicariant explanation for this pat- 
tern is precluded. Afrotheres would have had 
to disperse either from North to South Amer- 
ica, or the reverse, in the Paleocene, and then 
to Africa. 

The early Paleocene diversification of pla- 
centals occurred in a radically transformed 
terrestrial ecosystem lacking nonavian dino- 
saurs and other species terminated at the K-Pg 
event (/0). Maximum K-Pg extinction estimates 
for plants are 57% of megaflora and 30% of 
pollen-producing plants from North American 
localities (36). In some areas, insects and plants 
were substantially affected by the K-Pg event 
(37), and such changes may have left availa- 
ble to the insectivorous placental ancestor a 
different diet than would have existed in the 
Mesozoic. This interval of dramatic environ- 
mental transformation would have bracketed 
several interordinal speciation events within 
Placentalia. The incompleteness of the fos- 
sil record will always constrain what we can 
infer about the past, but integration of phe- 
nomic and genomic data have here corrobo- 
rated the hypothesis that ordinal and interordinal 
diversification of Placentalia most closely 
fits the explosive model (3) and that there 
was no Cretaceous Terrestrial Revolution (7) for 
Placentalia. 
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Gravity Field of the Moon from the 
Gravity Recovery and Interior 
Laboratory (GRAIL) Mission 
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Spacecraft-to-spacecraft tracking observations from the Gravity Recovery and Interior Laboratory 
(GRAIL) have been used to construct a gravitational field of the Moon to spherical harmonic 
degree and order 420. The GRAIL field reveals features not previously resolved, including tectonic 
structures, volcanic landforms, basin rings, crater central peaks, and numerous simple craters. 
From degrees 80 through 300, over 98% of the gravitational signature is associated with 
topography, a result that reflects the preservation of crater relief in highly fractured crust. The 
remaining 2% represents fine details of subsurface structure not previously resolved. GRAIL 
elucidates the role of impact bombardment in homogenizing the distribution of shallow density 


anomalies on terrestrial planetary bodies. 


lutionary history of the terrestrial planets 

because it is the most accessible planetary 
body that preserves a surface record spanning 
most of solar system history. Reconstructing the 
evolution of a planet requires an understanding of 
the structure of its interior, which contains in- 
formation on bulk composition, differentiation, 
and the nature of heat generation and heat loss 
that has influenced the style, extent, and duration 
of volcanism and tectonics. The Gravity Recov- 
ery and Interior Laboratory (GRAIL) mission (/) 
was undertaken to map the lunar gravity field to 
address, in the context of other remote sensing 
and in situ observations, fundamental questions 
about lunar evolution. 

Aside from the influence of the Moon’s grav- 
ity throughout Earth history in producing oceanic 
tides, lunar gravity has been an observation of 
interest since the earliest satellites orbited the 
Moon and revealed the presence of mass con- 
centrations or “‘mascons” associated with the large 
nearside impact basins (2). The Moon’s synchro- 
nous rotation, which causes the same hemisphere 


Te Moon is a key to deciphering the evo- 
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to always face Earth, poses a special challenge in 
measuring gravity. The most common method 
entails measuring the frequency shift of a space- 
craft’s radio signal directly from a tracking station 
on Earth, but such a measurement cannot be made 
on the Moon’s farside. One approach to measur- 
ing farside gravity is through the use of a relay 
satellite, as was done by the recent Kaguya mis- 
sion (3). Current spherical harmonic (4) lunar grav- 
ity models derived from tracking Lunar Prospector 
(LP) and earlier orbiters (5—7) and from the more 
recent Kaguya orbiter (3) range from degree and 
order 100 to 150, providing an effective block 
size resolution of 54 to 36 km, respectively. 

GRAIL is a spacecraft-to-spacecraft tracking 
mission at the Moon, developed with heritage 
from the Gravity Recovery and Climate Exper- 
iment (GRACE) mission (8) that is currently 
mapping Earth’s gravity field and its temporal 
variability. Each GRAIL spacecraft has a single 
science instrument, the Lunar Gravity Ranging 
System (LGRS), which measures the change in 
distance between the two co-orbiting spacecraft 
as they fly above the lunar surface. The space- 
craft are perturbed by the gravitational attraction 
of topography and subsurface mass variations 
that can be isolated and subsequently analyzed. 
Doing so requires correcting for perturbations due 
to spacecraft maneuvers, nonconservative forces 
such as solar radiation pressure and spacecraft 
outgassing, and relativistic effects (4). 

GRAIL was launched successfully from Cape 
Canaveral Air Force Station on 10 September 
2011, aboard a Delta-II 7290H. The twin space- 
craft embarked on separate low-energy trajecto- 
ries to the Moon via the EL-1 Lagrange point (9) 
and inserted into lunar polar orbit on 31 December 
2011 and 1 January 2012. After a total of 27 
maneuvers (/0) to lower and circularize the orbits 


to ~55 km mean altitude (figs. S1 and S2) and to 
align the spacecraft to their ranging configura- 
tion, GRAIL executed its primary mapping mis- 
sion (PM) from 1 March through 30 May 2012, 
transmitting to Earth 637 MB of science data cor- 
responding to >99.99% of possible data that 
could be collected. During the PM, the inter- 
spacecraft distance varied between 82 and 218 km 
(fig. S3) to provide different sensitivities to the 
short- and longer-wavelength components of the 
gravity field. As exemplified in fig. S4, the root 
mean square (RMS) range-rate residuals from the 
LGRS Ka-band (32 GHz) ranging system during 
the PM were generally on the order of 0.02 to 
0.05 um s', a factor of 2 to 5 better than the 
mission requirements. 

These observations have been integrated into 
a spherical harmonic representation of the lunar 
gravitational field, which we denote model GL0420A. 
This model extends to degree and order 420, 
corresponding to a spatial block size of 13 km. 
Gravity field determination requires the applica- 
tion of numerous corrections (4), and emphasis in 
the production of this model has been on resolv- 
ing short-wavelength structure. 

The global free-air gravity field of the Moon 
is shown in Fig. 1A and the Bouguer gravity in 
Fig. 1B. The latter reveals the gravitational struc- 
ture of the subsurface after subtraction of the 
expected contribution of surface topography from 
the free-air gravity. As with previous lunar gravi- 
ty models, the GRAIL field shows the prominent 
mascons, the largest of which are associated with 
nearside basins, as well as the broad structure of 
the highlands. However, the much higher spatial 
resolution and greatly improved signal quality as 
compared with previous models combine to reveal 
distinctive gravitational signatures of many fea- 
tures not previously resolved, including impact basin 
rings, central peaks of complex craters, volcanic 
landforms, and smaller simple bowl-shaped craters. 

Understanding the spectral content of the 
observations facilitates interpretation of the grav- 
ity maps (Fig. 2A). As with other planetary po- 
tential field representations, the RMS power of 
lunar gravity is greatest at low degrees (long wave- 
lengths) and least at high degrees (short wave- 
lengths). The empirical best-fit power law to the 
lunar gravity field is 2.5 x 10 * /-*, where /is the 
spherical harmonic degree. The degree at which 
the error spectrum intersects the power spectrum 
traditionally represents the spatial scale at which 
the gravitational coefficients (eqs. S1 and S2) are 
100% in error. However, our best estimate of the 
error spectrum of model GL0420A does not in- 
tersect the model power through degree 420, which 
indicates that still higher-resolution fields may 
ultimately be derived from GRAIL’s PM data set. 
It is notable that GL0420A fits late-stage PM data 
(19 to 29 May 2012) when the periapsis altitude 
was ~17 to 25 km, at 1 to 1.5 um or 10 to 15 times 
the intrinsic quality of the Ka-band range-rate 
observations. The gravitational powers of the 
LP and Kaguya fields are comparable and 
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approximately match that of GRAIL to about 
degree 100 (block size 54 km), but the GRAIL 
errors at spatial scales associated with large to 
intermediate impact basins [degrees < 60 (90 km)] 
are three to five orders of magnitude smaller than 
those of the LP and Kaguya fields. 


Fig. 1. (A) Free-air and (B) Bouguer gravity anomaly 
maps from GRAIL lunar gravity model GLO420A, to 
spherical harmonic degree and order 420. Maps are 
in Molleweide projection centered on 270°E longi- 
tude and show the nearside on the right and farside 
on the left. Gravity is plotted in units of milliGalileos, 
where 1000 mgal = 1 cm s~*. A crustal density of 
2560 kg m™? was assumed in the Bouguer correc- 
tion. For the Bouguer map, degrees <6 have been 
filtered out to highlight mid- to short-wavelength 
structure (4). 


Owing to its direct sampling of farside grav- 
ity, the Kaguya field displays a higher coherence 
than that of LP (Fig. 2B); the Kaguya correlation 
peaks at approximately degree 60 and falls off 
rapidly with increasing degree because of an 
inability to sense the full gravitational power of 
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smaller-scale mass variations. The LP data exhibit 
overly low global coherence at all degrees despite 
the lower mapping altitude (40 to 100 km) than 
Kaguya (100 km), though a recent reanalysis of LP 
observations (//) that focused on improving reso- 
lution where direct tracking is available shows a 
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Fig. 2. (A) RMS power and (B) coherence versus harmonic degree for the 
gravity fields determined by GRAIL, Kaguya, and LP. 
herence between gravity and topography versus degree for the Moon, with 
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coherence for other terrestrial planets. In (B), all gravity models are compared 
with topography from the Lunar Orbiter Laser Altimeter (LOLA) (23). Data sets 
used in (C) are given in table S1. 
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higher nearside coherence. In contrast, GL0420A 
reveals a very high correlation with topography to 
high degrees. The departure of the coherence spec- 
tra of the LP and Kaguya fields from the GRAIL 
spectrum at degrees 30 and 60, respectively, in- 
dicates that despite approximately matching the 
power, these fields are significantly in error at 
higher degrees. Between degrees 80 (68 km) and 
320 (17 km), 98.5% of the Moon’s gravity signal 
is attributable to topography. 

The magnitudes of short-wavelength Bouguer 
anomalies (Fig. 1B) are consistent with the high, but 
not perfect, coherence shown in Fig. 2B. Compari- 
son of the maps shows that the range in Bouguer 
anomaly is typically up to ~10% that of the free-air 
gravity anomaly, which translates to a 1% ratio in 
terms of power. The lack of perfect correlation 
between gravity and topography is a result of lateral 
variations in subsurface density, such as those due 
to the presence of magmatic intrusions. Although 
this signal is small, the high-quality measurements 
ensure that it is easily resolvable (Fig. 2A) at a level 
that permits the investigation of processes asso- 
ciated with impact cratering, such as brecciation, 
ejecta deposition, impact melting, and magmatism. 

In general, gravity and topography should 
become more highly correlated with increasing 
degree, because the strength of the lithosphere is 
increasingly able to support topographic loads 
at shorter wavelengths without compensating 
masses at depth, and because the signals asso- 
ciated with subsurface anomalies are increasingly 
attenuated at spacecraft altitude with increasing 
degree. The high coherence exhibited by the Moon 
(Fig. 2C) implies that the majority of the short- 
wavelength gravity signal is a result of surface 
topography, most of which is related to abundant 
impact craters. To retain a high coherence, the 
crust beneath those landforms must have been 
pervasively fractured and largely homogenized 
in density. Short-wavelength, lateral density varia- 
tions due to magmatism, variable porosity, or 
regionally variable impact melting imparted dur- 
ing the early, post-accretional era of high impact 
flux are sparsely preserved at ~30- to 130-km scales. 
At harmonic degrees lower than about 60 (90 km), 
the coherence displays greater variability within 
the general pattern of a rapid decrease with de- 
creasing degree. At these longer wavelengths, the 
lower coherence reflects the heterogeneity of lunar 
interior structure: thinning of the crust beneath im- 
pact basins, large-scale variations in crustal compo- 
sition indicated by orbital remote sensing (/2), and 
lateral variations in mantle composition and pos- 
sibly temperature, such as the variations associated 
with the Procellarum KREEP Terrane (/3, /4). At 
the highest degrees (>330), the coherence falls 
off because of longitudinal gaps in the spacecraft 
ground tracks. As shown in Fig. 2C, the gravity- 
topography coherence exhibited by the Moon is 
unlike that observed for any other terrestrial planet. 
From degrees 25 to 200, Earth’s coherence is 
variable, with an average value of ~0.7. The co- 
herence spectrum reflects a contribution from the 
continents, whose gravity-topography relation- 


ships are dominated by crustal thickness variations 
and erosion, and include influences from compo- 
sitional variability and tectonic and volcanic pro- 
cesses at shorter wavelengths. Earth’s ocean basins 
also contribute to the correlation, and the inter- 
pretation of the combined contributions is com- 
plex. The coherence for Venus peaks at 0.9 at 
degree 3 and falls off rapidly at higher degrees. 
This falloff in coherence may reflect a combina- 
tion of large-scale volcanic resurfacing (/5) that 
smoothed the surface at short and intermediate 
length scales; the thick atmosphere, which screened 
small impacts; density anomalies related to mantle 
convection; and the orbital altitude of the Magellan 
spacecraft. The coherence for Mars is greatest 
at low degrees, at which it is governed by large- 
scale topography (/6) such as the Tharsis prov- 
ince (17). Mercury’s coherence does not exceed 0.6, 
but the spherical harmonic models of gravity 
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(/8) and topography (/9) inadequately sample 
the southern hemisphere of the planet because of 
the eccentric orbit of the MESSENGER (MErcury 
Surface, Space ENvironment, GEochemistry, and 
Ranging) spacecraft. Our expectations are that at 
high degrees, Mercury should display a coherence 
broadly similar to that of the Moon, because of its 
heavily cratered surface. The lithosphere of Mars 
is heavily cratered in the southern hemisphere, but 
in the northern hemisphere and on the Tharsis rise, 
volcanic resurfacing extended well past the period 
of high impact flux. The extent to which the ob- 
served coherence of Mars reflects crustal structure 
as opposed to the quality of the data is not clear. 
The free-air and Bouguer gravity anomaly 
maps in Fig. | show the distinctive character of 
the lunar gravity field. The free-air map shows 
rich short-wavelength structure and resolves vir- 
tually all craters on the Moon greater than 30 km 
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Fig. 3. (A and B) From top to bottom, Mercator projections of free-air gravity, topography, and Bouguer 
gravity. Frames in (A) highlight the area surrounding the Korolev impact basin, at center. Frames in (B) 
show the western limb of Oceanus Procellarum. Details of free-air and Bouguer gravity are the same as in 


Fig. 1. Topography is from a LOLA 1/64° grid. 
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in diameter and many less than 20 km in diameter. 
The highlands, because of the higher density of 
impact structures, show more gravitational detail 
at short wavelengths than the volcanic plains of 
the maria. In comparison with the free-air gravity, 
the Bouguer map is smooth at short wavelengths 
because the contributions to free-air gravity from 
impact craters derive mostly from their topography. 
This characteristic of lunar structure facilitates the 
isolation of density variations within the crust (20). 
As noted in previous studies (5, 2/), large impact 
basins are accompanied by thinning of the crust 
beneath the basin cavity, due to excavation and re- 
bound associated with the impact and basin 
formation process (22). In some cases, there is a 
second contribution from partial fill by mare vol- 
canic deposits after basin formation. 

Regional comparisons of the free-air gravity 
anomaly, topography (23), and Bouguer gravity 
anomaly reveal features that inform understand- 
ing of lunar structure and evolution. For instance, 
Fig. 3A shows an area of the farside highlands 
that includes the 417-km—diameter Korolev basin 
as well as many complex and simple craters. The 
maps also illustrate the ability of GRAIL to re- 
solve Korolev’s peak ring. In contrast to previous 
fields, GRAIL resolves Korolev’s central Bouguer 
high to lie entirely within the central peak ring, and 
the annular low to reside on the crater floor and not 
beneath the walls. The observed gravitational struc- 
ture implies that there is a density deficit under the 
floor due either to less dense, possibly brecciated, 
surface material filling the interior of Korolev but 
restricted to areas outside the peak ring, or to 
thickened crust produced by subisostatic depres- 
sion of the crust/mantle boundary. 

Also evident in Fig. 3A is the spatial manifes- 
tation of the Moon’s high coherence: The free-air 
map resembles the topography map at intermediate 
to short length scales. In contrast, the Bouguer 
map is generally smooth; removal of the gravi- 
tational attraction of topography reveals that there 
is much less short-wavelength structure attributa- 
ble to subsurface density variations. Thinning of 
the crust beneath Korolev (24) represents the pri- 
mary contribution to subsurface density variations 
in this area. The negative Bouguer signature of the 
rim of Doppler crater, just to the south of Korolev, 
may be indicative of brecciation and/or ejecta. 

A region in the western part of Oceanus 
Procellarum (Fig. 3B) highlights the subsurface 
structure of maria and underlying crust in this 
region. Positive Bouguer gravity anomalies in the 
maria are part of a pattern in western and southern 
Oceanus Procellarum (Fig. 1B) that may indicate 
locally denser or thicker mare material. These 
Bouguer anomalies may help to define the bound- 
ary of either the Procellarum KREEP Terrane (25) 
or of the proposed Procellarum impact basin (26). 

As exemplified by Fig. 3B, gravitational evi- 
dence for fully buried craters in the maria is not 
abundant. The gravitational signature of a buried 
crater should include two effects of opposite sign. 
A contribution from the subsurface, which for 
fresh craters tends to be fractured and brecciated 


and therefore less dense than surrounding crust, 
should produce a negative anomaly. In contrast, 
because mare material is more dense than high- 
land crust, a greater thickness over the floor of the 
buried crater should contribute a positive anomaly. 
Figure 3C shows that two partially buried craters 
between 20° to 30°N and —80° to —70°E display 
negative anomalies that suggest that for these struc- 
tures, the contribution from subsurface structure 
dominates. Systematic study of other mare re- 
gions will provide insight into the thickness of 
infill and the underlying highland structure (27). 

Results from GRAIL’s PM provide a detailed 
view of the structure of the lunar crust and bring 
quantitative geophysical description of the inter- 
nal structure of the Moon into a spatial realm 
commensurate with the scale of surface geolog- 
ical features. More broadly, the observed gravi- 
tational structure increases understanding of the 
role of impact bombardment on the crusts of 
terrestrial planetary bodies. 
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The Crust of the Moon 


as Seen by GRAIL 
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High-resolution gravity data obtained from the dual Gravity Recovery and Interior Laboratory (GRAIL) 
spacecraft show that the bulk density of the Moon’s highlands crust is 2550 kilograms per cubic 
meter, substantially lower than generally assumed. When combined with remote sensing and sample 
data, this density implies an average crustal porosity of 12% to depths of at least a few kilometers. 
Lateral variations in crustal porosity correlate with the largest impact basins, whereas lateral 
variations in crustal density correlate with crustal composition. The low-bulk crustal density allows 
construction of a global crustal thickness model that satisfies the Apollo seismic constraints, and 

with an average crustal thickness between 34 and 43 kilometers, the bulk refractory element 
composition of the Moon is not required to be enriched with respect to that of Earth. 


he nature of the lunar crust provides cru- 
| cial information on the Moon’s origin and 


subsequent evolution. Because the crust is 


composed largely of anorthositic materials (/), 
its average thickness is key to determining the 
bulk silicate composition of the Moon (2, 3) 
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and, consequently, whether the Moon was de- 
rived largely from Earth materials or from the 
giant impactor that is believed to have formed 
the Earth-Moon system (4, 5). After formation, 
the crust of the Moon suffered the consequences 
of 4.5 billion years of impact cratering. The Moon 
is the nearest and most accessible planetary body 
to study the largest of these catastrophic events, 
which were common during early solar system 
evolution (6, 7). In addition, it is an ideal labora- 
tory for investigating the cumulative effects of 
the more frequent smaller impact events. Spatial 
variations in the Moon’s gravity field are reflec- 
tive of subsurface density variations, and the high- 
resolution measurements provided by NASA’s 
Gravity Recovery and Interior Laboratory (GRAIL) 
mission (8) are particularly useful for investigat- 
ing these issues. 

Previous gravity investigations of the Moon 
have made use of data derived from radio 
tracking of orbiting spacecraft, but these studies 
were frustrated by the low and uneven spatial 
resolution of the available gravity models (9, /0). 
GRAIL consists of two co-orbiting spacecraft 
that are obtaining continuous high-resolution 
gravity measurements by intersatellite ranging 
over both the near- and farside hemispheres of 
Earth’s natural satellite (8). Gravity models at 
the end of the primary mission resolve wave- 
lengths as fine as 26 km, which is more than a 
factor of 4 times less than any previous global 
model. The mass anomalies associated with 
the Moon’s surface topography are one of the 
most prominent signals seen by GRAIL (//), 
and because the measured gravity signal at short 
wavelengths is not affected by the compen- 
sating effects of lithospheric flexure, these data 
offer an opportunity to determine unambig- 
uously the bulk density of the lunar crust. The 
density of the crust is a fundamental property 
required for geophysical studies of the Moon, 
and it also provides important information on 
crustal composition over depth scales that are 
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greater than those of most other remote sensing 
techniques. 

The deflection of the crust-mantle inter- 
face in response to surface loads makes only 
a negligible contribution to the observed grav- 
ity field beyond spherical harmonic degree 
and order 150 (/2). At these wavelengths, if 
the gravitational contribution of the surface 
relief were removed with the correct reduction 
density, the remaining signal (the Bouguer 
anomaly) would be zero if there were no other 
density anomalies present in the crust. An es- 
timate of the crustal density can be obtained 
by minimizing the correlation between surface 
topography and Bouguer gravity. To exclude 
complicating flexural signals, and to interpret 
only that portion of the gravity field that is 
well resolved, we first filtered the gravity and 
topography to include spherical harmonic de- 
grees between 150 and 310. Gravity and topog- 
raphy over the lunar maria, areas of generally 
low elevation resurfaced by high-density basal- 
tic lava flows, were excluded from analysis, 
because their presence would bias the bulk den- 
sity determination. 

For our analyses, the correlation coeffi- 
cient of the Bouguer gravity and surface to- 
pography was minimized using data within 
circles that span 12° of latitude. Analyses were 
excluded when more than 5% of the region was 
covered by mare basalt and when the mini- 
mum correlation coefficient fell outside the 95% 
confidence limits as estimated from Monte Carlo 
simulations that used the gravity coefficient 


uncertainties. The average density of the high- 
lands crust was found to be 2550 kg m °, and 
individual density uncertainties were on aver- 
age 18 kg m *. As shown in Fig. 1, substantial 
lateral variations in crustal density exist with 
amplitudes of +250 kg m °. The largest posi- 
tive excursions are associated with the 2000-km 
diameter South Pole—Aitken basin on the Moon’s 
farside hemisphere, a region that has been shown 
by remote sensing data to be composed of rocks 
that are considerably more mafic, and thus denser, 
than the surrounding anorthositic highlands 
(/3). Extensive regions with densities lower than 
average are found surrounding the impact basins 
Orientale and Moscoviense, which are the two 
largest young impact basins on the Moon’s 
farside hemisphere. The bulk density determina- 
tions are robust to changes in size of the analysis 
region by a factor of two and are robust to changes 
in the spectral filter limits by more than +50 in 
harmonic degree. Nearly identical bulk densities 
are obtained with both a global and localized 
spectral admittance approach (figs. S6 and S7). 
The bulk crustal densities obtained from 
GRAIL are considerably lower than the values 
of 2800 to 2900 kg m ° that are typically adopted 
for geophysical models of anorthositic crustal 
materials (/4). We attribute the low densities to 
impact-induced fractures and brecciation. From 
an empirical relation between the grain density 
of lunar rocks and their concentration of FeO 
and TiO, (/5), along with surface elemental abun- 
dances derived from gamma-ray spectroscopy 
(16), grain densities of lunar surface materials 
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Fig. 1. Bulk density of the lunar crust from gravity and topography data. At each point on a grid of 
60-km spacing, the bulk density was calculated within circles of 360-km diameter (spanning 12° of 
latitude). White denotes regions that were not analyzed, thin lines outline the maria, and solid circles 
correspond to prominent impact basins, whose diameters are taken as the region of crustal thinning 
in Fig. 3. The largest farside basin is the South Pole-Aitken basin. Data are presented in two Lambert 
azimuthal equal-area projections centered over the nearside (left) and farside (right) hemispheres, 
with each image covering 75% of the lunar surface, and with grid lines spaced every 30°. Prominent 


impact basins are annotated in Fig. 3. 
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may be estimated globally with a precision and 
spatial resolution that are comparable to those of 
the GRAIL bulk density measurements (fig. S3). 
If the surface composition of the Moon is repre- 
sentative of the underlying crust, the implied 
porosity is on average 12% and varies regionally 
from about 4 to 21% (Fig. 2). These values are 
consistent with, although somewhat larger than, 
estimates made from earlier longer-wavelength 
gravity field observations and a lithospheric 
flexure model (/5). The crustal porosities in the 
interiors of many impact basins are lower than 
their surroundings, consistent with a reduction 
in pore space by high post-impact temperatures, 
which can exceed the solidus temperature. In 
contrast, the porosities immediately exterior to 
many basins are higher than their surroundings, 
a result consistent with the generation of in- 
creased porosity by the ballistic deposition of im- 
pact ejecta and the passage of impact-generated 
shock waves. 

If the crustal density were constant at all 
depths greater than the lowest level of surface 
elevation, our bulk density estimates would rep- 
resent an average over the depths sampled by 
the topographic relief, on average about 4 km. 
Because the deeper crust would not generate 
lateral gravity variations under such a scenario, 
this depth should be considered a minimum 
estimate for the depth scale of the GRAIL den- 
sity determinations. If crustal porosity were solely 
a function of depth below the surface, the depth 
scale could be constrained using the relationship 
between gravity and topography in the spec- 
tral domain, because deep and short-wavelength 
mass anomalies are attenuated with altitude faster 
than shallower and longer-wavelength anom- 
alies. We investigated two models: one in which 
the porosity decreases exponentially with depth 
below the surface, and another in which a po- 


rous layer of constant thickness and constant 
porosity overlies a nonporous basement (/2). 
The upper bound on both depth scales, at 1 stan- 
dard deviation, is largely unconstrained, with 
values greater than 30 km able to fit the obser- 
vations in most regions. Lower bounds at | stan- 
dard deviation for the two depth scales were 
constrained to lie between about 0 and 31 km. 
These results imply that at least some regions of 
the highlands have substantial porosity extend- 
ing to depths of tens of kilometers, and perhaps 
into the uppermost mantle. 

Our density and porosity estimates are broadly 
consistent with laboratory measurements of lunar 
feldspathic meteorites and feldspathic rocks 
collected during the Apollo missions. The average 
bulk density of the most reliable of these measure- 
ments is 2580 + 170 kg m °* (12, 17), and the 
porosities of these samples vary from about 2 to 
22% and have an average of 8.6 + 5.3%. Ordinary 
chondrite meteorites have a range of porosities 
similar to that of the lunar samples, a result of 
impact-induced microfractures (18). A 1.5-km drill 
core in the Chicxulub impact basin on Earth shows 
that impact deposits have porosities between 5 
and 24%, whereas the basement rocks contain po- 
rosities up to 21% (79). Gravity data over the Ries, 
Tvaren, and Granby terrestrial impact craters (with 
diameters of 23, 3, and 2 km, respectively) imply 
values of 10 to 15% excess porosity 1 km below 
the surface (20, 21), and for the Ries, about 7% 
porosity at 2 km depth. Whereas the impact- 
induced porosities associated with the terrestrial 
craters are a result of individual events, on the 
Moon, each region of the crust has been affected 
by numerous impacts. 

Pore closure at depth within the Moon is like- 
ly to occur by viscous deformation at elevated 
temperatures; this decrease occurs over a narrow 
depth interval (<5 km) (fig. $12) because of the 


Porosity (%) 


Fig. 2. Porosity of the lunar crust, using bulk density from GRAIL and grain density from sample and 
remote sensing analyses. Image format is the same as in Fig. 1. 


REPORTS 


strong temperature dependence of viscosity (22). 
From representative temperature gradients over 4 
billion years, and taking into account the reduced 
thermal conductivity of porous rock, this tran- 
sition depth is predicted to lie between 40 and 
85 km below the surface, depending on the rhe- 
ology and heat fluxes assumed. Where the crust 
is thinner than these values, porosity could exist 
in the underlying mantle. S-wave velocity profiles 
derived from the Apollo seismic data (23) suggest 
that porosity extends to depths up to 15 km below 
the crust-mantle interface, consistent with this 
interpretation. 

With our constraints on crustal density and 
porosity, we constructed a global crustal thick- 
ness model from GRAIL gravity and Lunar 
Reconnaissance Orbiter (LRO) topography (24) 
data. Our model accounts for the gravitational 
signatures of the surface relief, relief along the 
crust-mantle interface, and the signal that arises 
from lateral variations in crustal grain density as 
predicted by remote sensing data (/2). Crustal 
densities beneath the mare basalts were extrap- 
olated from the surrounding highland values, 
and because we neglect the comparatively thin 
surficial layer of dense basalt (/4), the total 
crustal thicknesses will be biased locally, but 
by no more than a few kilometers. As constraints 
to our model, we used seismically determined 
thicknesses of either 30 (23) or 38 (25) km near 
the Apollo 12 and 14 landing sites, and we as- 
sumed a minimum crustal thickness of less than 
1 km because at least one of the giant impact 
basins should have excavated through the en- 
tire crust (14, 26). Given a porosity model of 
the crust, we obtained a single model that fits 
the observations by varying the average crustal 
thickness and mantle density. Because some of 
the short-wavelength gravity signal is the result 
of unmodeled crustal signals, our inversions 
make use of a spectral low-pass filter (27) near 
degree 80, yielding a spatial resolution that is 
60% better than previous models (28). Remote 
sensing data of the central peaks of impact 
craters imply some subsurface compositional 
variability but do not require broad composi- 
tional layering (29), at least consistent with our 
use of a model that is uniform in composition 
with depth. 

For a first set of models, we assumed that 
porosity was a function of depth below the sur- 
face. With a mantle grain density of 3360 kg m ° 
(30), it is not possible to fit simultaneously the 
seismic and minimum thickness constraints as a 
result of the relatively small density contrast at 
the crust-mantle interface (2). For a second set 
of models, we assumed that the porosity of the 
entire crust was constant with depth. With 12% 
porosity and a 30-km crustal thickness near the 
Apollo 12 and 14 landing sites, a solution is found 
with an average crustal thickness of 34 km and a 
mantle density of 3220 kg m ° (Fig. 3). For a 
38-km crustal thickness constraint, values of 
43 km and 3150 kg m ~ are found, respective- 
ly. By reducing the porosity to 7%, the mantle 
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Fig. 3. Crustal thickness of the Moon from GRAIL gravity and LRO topography. With a crustal porosity of 
12% and a mantle density of 3220 kg m°, the minimum crustal thickness is less than 1 km in the interior 
of the farside basin Moscoviense, and the thickness at the Apollo 12 and 14 landing sites is 30 km. Image 
format is the same as in Fig. 1, and each image is overlain by a shaded relief map derived from surface 


topography. 


density increases by about 150 kg m °, but the 
average crustal thickness remains unchanged. Iden- 
tical average crustal thicknesses are obtained for a 
crustal density map extrapolated from Fig. 1. 
The mantle densities should be considered rep- 
resentative to the greatest depths of the base of 
the crust (~80 km below the surface), and if the 
grain density of mantle materials is 3360 kg m °, 
the uppermost mantle could have a porosity be- 
tween 0 and 6%, consistent with our porosity 
evolution model (/2). 

Before GRAIL, the average thickness of the 
Moon’s crust was thought to be close to 50 km 
(12, 14, 28). Published estimates for the bulk 
silicate abundance of the refractory element alu- 
minum, as summarized in table 1 of Taylor et al. 
(3), fall into two categories: One group indicates 
that the Moon contains the same abundance as 
Earth, whereas the other suggests at least a 50% 
enrichment. We used our average crustal thick- 
ness with assumptions on crustal composition 
that maximize the total Al,O; in the crust to test 
the limits of the refractory enrichment hypothesis. 
If the lunar crust consists of an upper megaregolith 
layer 5 km thick containing 28 weight percent 
(wt %) ALO; (3), a value based largely on lunar 
highland meteorite compositions, with the re- 
mainder being nearly pure anorthosite, 34 wt % 
Al,O3 (/), we calculate that a 34-km-thick crust 
contributes 1.7 wt % to the total bulk silicate 
abundance of Al,O3 for a crustal porosity of 7%. 
A 43-km-thick crust contributes 2.1 wt %. The 
inclusion of more mafic materials in the lower 
crust would act to reduce the total abundance of 
aluminum in the crust. For bulk lunar silicate 
aluminum abundances to match those for Earth 
(4 wt % Al,O3), the lunar mantle would need to 


contain 1.9 to 2.4 wt % Al,O3, whereas a 50% 
enrichment in refractory elements would require 
4.1 to 4.5 wt % Al,O3. Petrologic assessments 
indicate mantle Al,O3 abundances close to 1 to 
2 wt % (31), supporting a lunar refractory element 
composition similar to that of Earth. Estimates of 
Al,O3 derived from modeling the Apollo seismic 
data have a broad range, from 2.3 to 3.1 wt % for 
the entire mantle (32), to 2.0 to 6.7 wt % for the 
upper and lower mantle (33), respectively. Although 
further constraints on the composition of the deep 
lunar mantle are needed, the modest contribu- 
tion to the bulk lunar Al,O3 from the crust does 
not require the Moon to be enriched in refractory 
elements. 

Crustal thickness variations on the Moon 
are dominated by impact basins with diame- 
ters from 200 to 2000 km. With a thinner crust, 
it becomes increasingly probable that several 
of the largest impact events excavated through 
the entire crustal column and into the mantle 
(/4). Two impact basins have interior thicknesses 
near zero (Moscoviense and Crisium), and three 
others have thicknesses that are less than 5 km 
(Humboldtianum, Apollo, and Poincaré). Re- 
mote sensing data show atypical exposures of 
olivine-rich materials surrounding some lunar 
impact basins that could represent an admix- 
ture of crustal materials with excavated mantle 
materials (26), and the most prominent of these 
are associated with the Crisium, Moscoviense, 
and Humboldtianum basins. Our crustal thick- 
ness model strengthens the hypothesis that these 
impact events excavated into the mantle. 

Because the crust of the Moon has experi- 
enced only limited volcanic modification, and in 
addition has not experienced aqueous or aeolian 


erosion, the Moon is an ideal recorder of processes 
that must have affected the crusts of all terrestrial 
planets early in their evolution. Large impact 
events were common in the first billion years of 
solar system history, and the crusts of the terrestrial 
planets would have been fractured to great depths, 
as was the Moon. For Earth and Mars, this porosity 
could have hosted substantial quantities of ground- 
water over geologic time (34). For planets generally 
lacking groundwater, such as Mercury, crustal 
porosity may have sharply reduced the effective 
thermal conductivity, hindering the escape of heat 
to the surface and affecting the planet’s thermal 
and magmatic evolution (35). 
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Ancient Igneous Intrusions and Early 
Expansion of the Moon Revealed by 
GRAIL Gravity Gradiometry 


Jeffrey C. Andrews-Hanna,’* Sami W. Asmar,” James W. Head III,? Walter S. Kiefer,’ 
Alexander S. Konopliv,” Frank G. Lemoine,” Isamu Matsuyama,° Erwan Mazarico,”” 

Patrick J. McGovern,* H. Jay Melosh,® Gregory A. Neumann,° Francis Nimmo,” Roger J. Phillips,?° 
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The earliest history of the Moon is poorly preserved in the surface geologic record due to the 
high flux of impactors, but aspects of that history may be preserved in subsurface structures. 
Application of gravity gradiometry to observations by the Gravity Recovery and Interior Laboratory 
(GRAIL) mission results in the identification of a population of linear gravity anomalies with lengths 
of hundreds of kilometers. Inversion of the gravity anomalies indicates elongated positive-density 
anomalies that are interpreted to be ancient vertical tabular intrusions or dikes formed by 
magmatism in combination with extension of the lithosphere. Crosscutting relationships support 
a pre-Nectarian to Nectarian age, preceding the end of the heavy bombardment of the Moon. 
The distribution, orientation, and dimensions of the intrusions indicate a globally isotropic 
extensional stress state arising from an increase in the Moon’s radius by 0.6 to 4.9 kilometers 
early in lunar history, consistent with predictions of thermal models. 


historically to large-scale features associ- 

ated with high contrasts in density, due to 
the low resolution and low signal-to-noise ratio 
of the data. As a result, small-scale subsurface 
structures such as faults and dikes that have been 
inferred from their surface expressions have not 
been resolved in the gravity field, and structures 
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lacking a direct surface manifestation have been 
largely undocumented. This situation has posed a 
challenge for studies of the early evolution of the 
Moon, because the near saturation of the surface 
by impact craters has erased much of the geo- 
logical record from the first ~700 million years 
(My) of lunar history (/), spanning the critical 
period of time between the solidification of the 
lunar magma ocean and the end of major impact 
basin formation ~3.8 billion years ago (Ga) (2). 
Data from the Gravity Recovery and Interior 
Laboratory (GRAIL) mission (3) now permit the 
expansion of the gravity field to spherical har- 
monic degree and order 420 (model GL0420A), 
corresponding to a half-wavelength resolution of 
~13 km at the lunar surface (4). This resolution is 
sufficient to resolve short-wavelength density anom- 
alies, such as intrusions that have a higher density 
than the surrounding rocks and faults that offset 
layers of differing density. 

Here, we apply the technique of gravity 
gradiometry to the GRAIL gravity field, using 
the second spatial derivatives of the gravitational 
potential to highlight short-wavelength features 
associated with discrete structures (5). In terres- 
trial applications, gradients are typically measured 
directly by a three-axis gradiometer on an aerial 
or satellite-borne platform (5, 6), but in our work, 
we calculated the gradients from the potential 


field. To emphasize subsurface structures, we used 
gradients of the Bouguer potential (calculated as 
the difference between the measured gravitation- 
al potential and the potential arising from the 
effects of topography) (4). We then calculated the 
maximum amplitude of the second horizontal 
derivative of the Bouguer potential at each point 
on the surface [I’,,, measured in E6tvés units (£), 
where 1E = 10 °s *(7)]. The resulting horizontal 
Bouguer gradient map (Fig. 1) displays a rich 
array of short-wavelength structures in the lu- 
nar crust. 

The dominant features in the gradient map 
are the ring structures surrounding the large 
impact basins. These rings are also observed in 
the Bouguer gravity (Fig. 1A) (4), but they are 
resolved in the gradient map as discrete struc- 
tures. Outside of the basins, a large number of 
irregular small-scale anomalies are observed 
with typical values of +10£, probably arising 
from small-scale density anomalies in the up- 
per crust associated with variations in com- 
position or porosity. In addition, a number of 
elongated linear gravity anomalies (LGAs) char- 
acterized by negative gradients stand out clear- 
ly above the background variability. Four of 
the LGAs have lengths exceeding 500 km (Fig. 
2). These anomalies closely follow linear paths 
(great circles) across the surface to within root 
mean square deviations of 1 to 3% of their lengths. 
Inspection of the most distinct LGAs yields 22 
probable anomalies with a combined length of 
5300 km and an additional 44 possible anom- 
alies with a combined length of 8160 km for a 
total length of 13,460 km (Fig. 1C). An inde- 
pendent automated algorithm identified 46 anom- 
alies with a combined length of 10,600 km (7). 
Such markedly linear structures in natural ge- 
ologic systems are typically associated with faults 
or dikes. Averaged profiles of the Bouguer grav- 
ity anomaly perpendicular to the lineations show 
these structures to be associated with narrow 
positive-gravity anomalies (Fig. 3), indicating sub- 
surface structures of increased density consistent 
with the interpretation that the features are mafic 
igneous intrusions. 

We used a Monte Carlo approach to invert 
the average Bouguer gravity profiles across the 
LGAs for the physical properties of the subsur- 
face density anomalies, treating them as tabular 
bodies of unknown top depth, bottom depth, 
width, and density contrast (7). A continuous set 
of solutions exists with comparable misfits to 
the data, as a result of the fundamental non- 
uniqueness of potential field data with respect 
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Fig. 1. (A) Bouguer gravity (from model GLO420A expanded to degree and 
order 300, for an assumed density of 2560 kg m-°). (B) Horizontal Bouguer 
gradient (in Edtvés units; generated from spherical harmonic degrees 50 to 
300). (C) Global mapping of the LGAs (overlain on a muted Bouguer gradient 
map). In (C), anomalies are classified as probable (black lines) or possible (gray 
lines) LGAs, as described in the text. The largest anomalies discussed herein are 
numbered 1 to 4. All panels are in a simple cylindrical projection, centered on 


the far side. 


to subsurface structures. From the variability 
in the gravity profiles, we also determined the 
95% confidence intervals of the model param- 
eters. For one of the best-defined anomalies 
(LGA-1) (Fig. 2A), the best-fit solutions have 
density contrasts of 160 to 960 kg m ° in bodies 
with widths of 5 to 25 km extending between a 
top depth of 10 to 15 km and a bottom depth of 
76 to 91 km (Fig. 3 and Table 1). The top depth 
may correspond to either the top of the intrusion 
or the maximum depth of impact brecciation 
and gardening, above which the density contrast 
would become less distinct. Similarly, the bot- 
tom depth may correspond to either the base of 
the intrusion or the depth of the crust-mantle in- 
terface, below which the density contrast between 
the intrusion and the host rocks would decrease 
markedly. For LGA-2, a shallow top depth is sug- 
gested by the observation that the 116-km-—diameter 
impact crater Roche, excavating the crust to a 
depth of ~7 km and brecciating it to greater depths, 
results in a modest reduction in the magnitude 
of the anomaly, whereas smaller craters have no 
effect (Fig. 2). 

The dimensions of the anomaly sources can 
be further constrained with the use of indepen- 
dent constraints on the density contrast. The mean 
density of the upper crust derived from GRAIL 
is 2550 + 250 kg m ° (8). Although the compo- 
sition of the intrusions is unknown, representative 
values can be taken from the measured densities 
of lunar igneous rocks of 3100 to 3350 kg m ? 
(9), yielding density contrasts of 550 to 860 kg m °. 
For density contrasts of 550 and 800 kg m °, the 
best-fit solutions for LGA-1 collapse to a point in 
parameter space, with widths of 7.6 and 5.3 km, 
respectively (Table 1). However, the bottom depth 
(85 to 86 km) for these solutions is probably 
deeper than the base of the crust, below which the 
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reduced density contrast would contribute little to 
the observed gravity. If the base of the density 
anomaly is constrained to be 40 km, comparable 
to the mean crustal thickness (8), the best-fit widths 
for density contrasts of 550 and 800 kg m ° 
increase to 29.1 and 23.5 km, with top depths of 
24.9 and 26.9 km. A bottom depth of 60 km 
results in widths of 11.9 and 8.3 km and top depths 
of 19.0 and 19.4 km. Similar results are found 
from the inversions of LGAs 2 and 4, with a total 
range of best-fit widths of 5 to 12 km for density 
contrasts of 550 and 800 kg m ° with the bottom 
depth unconstrained or 7 to 41 km for bottom 
depths of 40 to 60 km (7). LGA-3 requires a 
greater width of 13 to 18 km or 49 to 82 km with 
the bottom depth constrained to 40 to 60 km, in 
keeping with the greater width of the gravity 
anomaly. 

Although the lengths and linearity of the den- 
sity anomalies are similar to those of giant dike 
swarms on Earth, Mars, and Venus, their widths 
greatly exceed typical dike widths of tens of me- 
ters (10, 11). Vertical tabular intrusions with as- 
pect ratios similar to those proposed here can 
form by diapirism when the viscosity contrast 
between the magma and host rock is in the range 
of 10° to 108 (2). For mafic intrusions, this low 
viscosity contrast would require either a partially 
crystalline intrusion or a highly ductile or partial- 
ly molten host rock. The source of the gravity 
anomalies may be analogous to the Great Dyke 
of Zimbabwe, which probably formed as a result 
of shallow intrusive activity during ancient rifting 
(73). This elongated layered ultramafic intrusion 
measures 550 km in length, 3 to 11 km in width, 
and up to 12 km in vertical extent (13, 14). In- 
trusive bodies of similar scale have been inferred 
to exist beneath the Valles Marineris region of 
Mars on the basis of collapse features (/5), formed 


120° 
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in response to lithospheric extension and intru- 
sion (/6). Alternatively, narrow swarms of closely 
spaced dikes (/7) can match the gravity anom- 
alies but would require tens to hundreds of dikes 
confined within zones less than ~40 km wide that 
extend over distances of hundreds of kilometers. 
Similar narrow dike swarms with lengths up to 
100 km form above elongated axial magma 
chambers in rifts on Earth (78). A combination of 
the above processes may be responsible for the 
anomalies, with a single vertical tabular intrusion 
forming in a partially molten lower crust, sourcing 
a swarm of closely spaced dikes in the more 
brittle upper crust. The large bottom depths from 
the inversions permit the intrusions to extend into 
the mantle, as would be required if the rise of 
magma were governed by neutral buoyancy (/9). 
Although the specific nature and formation mech- 
anism of the intrusions remains uncertain, some 
form of intrusive activity in a horizontally exten- 
sional stress regime is indicated by all of the 
analogous structures. 

Lunar dikes previously inferred from geolog- 
ical analyses (20) are not detected in the gravity 
data. This result is not surprising, because iso- 
lated dikes with widths of up to tens of meters 
would have gravity anomalies two orders of mag- 
nitude smaller than these LGAs. A linear mag- 
netic anomaly interpreted as a dense swarm of 
dikes on the floor of the South Pole—Aitken basin 
(/7) is not evident in the gravity gradients but is 
associated with a broad positive Bouguer gravity 
anomaly where it extends outside of the basin 
(7). This anomaly may be consistent with a dense 
dike swarm, with the lower-density contrast 
relative to the mafic crust in the floor of the ba- 
sin possibly accounting for the nondetection 
there. Alternatively, the poor expression of the 
magnetic anomalies in the gravity data may 
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Fig. 2. (A to D) Horizontal Bouguer gradient (in Edtvds units) and (E to H) 
topography (in kilometers) in the vicinity of four prominent LGAs (LGAs 
1 to 4 are shown in order from left to right; see Fig. 1 for context). The 
dots in the upper panels follow great-circle fits to the anomalies, whereas 
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Fig. 3. Mean profile and +f1 standard error range 
(in red and pink, respectively) of the Bouguer grav- 
ity anomaly (gg) over LGA-1. The predicted gravity 
anomalies from the best-fit vertical tabular intrusions 
for density contrasts (Ap) of 550 and 800 kg m”? are 
shown for comparison (overlapping gray and dashed 
black lines, respectively). 


support Fe-rich material derived from the basin- 
forming projectile as the source of the magnetic 
anomalies (2/). 

Averaged magnetic (22) and topographic (23) 
profiles across the LGAs generally reveal no 
correlation of either data set with the gravity 
anomalies (7). Forward models of the expected 
magnetic anomalies require that any magnetiza- 
tion be substantially less than 0.1 A/m for most of 
the lineations, indicating that the intrusions either 
have very low magnetic susceptibility or cooled 
in the absence of an external field. A topographic 
signature associated with the intrusions might be 


latter crater. 


the dots in the lower panels follow the paths of the anomalies themselves. 
The craters Edétvés (E) and Roche (R) are labeled in (F), and Roche is 
outlined in (B); the gravity gradient shows reduced amplitude within the 


Table 1. Density contrast (Ap), width (w), top depth (z,.p), and bottom depth (z,,¢) from the inversion of 
LGA-1, including the best-fit range in parameters and the 95% confidence intervals (C.I.) for the full 
inversion (7) and the best-fit (t95% C.I. range) solutions for assumed density contrasts of 550 and 


800 kg m™?. 

Best fit 95% C.l. Ap = 550 Ap = 800 
Ap (kg m=) 160-960 90-940 550 800 
w (km) 4.5-24.9 5.7-46.7 7.63? 5.3199" 
Ztop (km) 10.3-14.8 6.0-38.8 13.0255" 13.393" 
Zpot (km) 75.6-90.6 30-96 86558 85186 


expected as a result of tectonic uplift, flexural sub- 
sidence, graben formation (24), or collapse of the 
surface into the magma chambers (/5), yet none is 
observed. A number of LGAs are located in crater- 
saturated areas (Fig. 2) and lack any obvious sur- 
face expression in topography, image, or other 
remote sensing data sets. The absence of a sur- 
face expression is consistent with an age for the 
structures that predates the superimposed crater 
population and the surface geologic record. 

The age of the structures can be further 
constrained by crosscutting relationships. Several 
linear anomalies are observed radial to the South 
Pole—Aitken impact basin, which is the oldest 
basin on the Moon. This radial orientation indi- 
cates that the formation of these structures was 
influenced by the preexisting basin. The lack ofa 
surface signature rules out an origin as rays of 
dense impact ejecta (7). A 1000-km-long anom- 
aly (LGA-4) crosses the Crisium basin at an 
oblique angle (Fig. 2), but no trace of the anomaly 
is found within the basin itself. This geometry sug- 


gests that this anomaly predated Cristum and that 
the underlying structure was destroyed within the 
basin cavity by the impact. This timing is supported 
by the fact that the intrusion was not deflected by 
the strong flexural stresses associated with the pre- 
mare mascon (25) and later mare load within the 
basin. By these arguments, the South Pole—Aitken 
and Crisium basins place the formation of the 
largest intrusions within the pre-Nectarian to early 
Nectarian time frame, before the end of the basin- 
forming epoch at ~3.8 Ga. This age is consistent 
with the lunar intrusive activity between 4.2 and 
4.5 Ga that was responsible for the formation of 
the plutonic Mg-suite rocks (26), though it is 
not possible to directly link these intrusions to 
any particular rock type with the use of gravity 
data alone. 

Tabular igneous intrusions form perpendicu- 
lar to the most extensional principal stress direc- 
tion (27), leading to the formation of vertical 
dikes in a horizontally extensional stress field and 
sills in a horizontally compressional stress field. 
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Although local flexural stresses or structural con- 
trol can alter the orientations of intrusions (7), the 
LGAs are distributed uniformly across the Moon 
and show no clear preferred orientations or as- 
sociation with known flexurally supported loads. 
This pattern indicates largely isotropic horizontal 
extension, as would be expected to arise from 
global expansion. However, the lunar lithosphere 
is thought to have been in a state of compression 
throughout most of its history as a result of in- 
terior cooling and global contraction (28). Super- 
imposed stresses associated with the outward 
migration of the Moon, with or without contem- 
poraneous true polar wander, are similarly incon- 
sistent with the locations and orientations of the 
LGAs (7, 29). At the time of the intrusive activity 
inferred here, the lithosphere must have been in a 
horizontally extensional stress state to accommo- 
date the inflation of the vertical tabular intrusions. 
Taking the total length of the probable intrusion 
population of 5300 km and the typical best-fit 
widths of 5 to 40 km, the resulting horizontal 
extensional strain of 0.035 to 0.27% equates to an 
increase in the lunar radius by 0.6 to 4.8 km. 
However, this estimate is complicated by the pos- 
sibility of viscous accommodation of some of the 
growth of the intrusions or lithospheric extension 
not accompanied by intrusive activity that would 
go undetected by GRAIL. 

Such a period of early extension was pre- 
dicted by some thermal history models (28), de- 
veloped to account for the absence of a global 
population of large thrust faults on the Moon sim- 
ilar to those found on Mercury. The thermal mod- 
els best matched that constraint with an initial 
condition that included a 200- to 300-km-deep 
magma ocean and a cooler deep interior, leading 
to coupled warming of the interior and cooling 
of the outer shell, with net expansion in the first 
billion years followed by modest global contrac- 
tion. Cooling and contraction of the lunar litho- 
sphere could also have contributed to extensional 
strain at the depths of these intrusions within the 
first few tens of millions of years after lunar 
crustal formation. This thermal inversion may be 
a natural outcome of the post-accretional temper- 
ature profile of the Moon (30). Thermal history 
models that satisfy the constraint of <1 km de- 
crease in radius over the past 3.8 billion years 
(Gy) also predict 2.7 to 3.7 km of global ex- 
pansion during the first ~1 Gy, with the highest 
rates occurring during the first 0.5 Gy (28), con- 
sistent with our proposed period of expansion. 
The amount of predicted expansion is sensitive 
to the depth of the magma ocean and the initial 
temperature of the deep interior. However, no 
direct geological evidence for this early expan- 
sion has previously been found, as a consequence 
of the intense cratering of the surface at that time. 
This earliest epoch of lunar expansion is now 
revealed by GRAIL gravity data, which allows us 
to see through the surface geology to the hidden 
structures beneath. This result places a constraint 
on lunar evolution and raises important questions 
regarding the early evolution of other terrestrial 


planets, because the first ~700 My of planetary 
evolution is poorly preserved in the geological 
records of all planets. 
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Proton Donor Acidity Controls 
Selectivity in Nonaromatic Nitrogen 
Heterocycle Synthesis 


Simon Duttwyler,’ Shuming Chen,* Michael K. Takase,’ Kenneth B. Wiberg,” 


Robert G. Bergman,” Jonathan A. Ellman** 


Piperidines are prevalent in natural products and pharmaceutical agents and are important 
synthetic targets for drug discovery and development. We report on a methodology that 
provides highly substituted piperidine derivatives with regiochemistry selectively tunable by 
varying the strength of acid used in the reaction. Readily available starting materials are 

first converted to dihydropyridines via a cascade reaction initiated by rhodium-catalyzed 
carbon-hydrogen bond activation. Subsequent divergent regio- and diastereoselective protonation 
of the dihydropyridines under either kinetic or thermodynamic control provides two distinct 
iminium ion intermediates that then undergo highly diastereoselective nucleophilic additions. 
X-ray structural characterization of both the kinetically and thermodynamically favored iminium 
ions along with density functional theory calculations provide a theoretical underpinning for the 
high selectivities achieved for the reaction sequences. 


gen heterocycles upon which the display 

of functionality has provided some of 
the most well-known pharmaceuticals, as ex- 
emplified by traditional drugs such as quinine, 
morphine (and its many synthetic analogs such 
as oxycodone), as well as a number of more re- 
cent blockbusters, including plavix for the treat- 


P iperidines are saturated, nonplanar nitro- 


ment of stroke, cialis for erectile dysfunction, 
and aricept for Alzheimer’s treatment (Fig. 1A) 
(J). The physical properties and therapeutic im- 
portance of the piperidine scaffold are consistent 
with recent retrospective analyses of drug- 
discovery research suggesting that renewed 
emphasis should be placed on the preparation, 
evaluation, and development of compounds with 
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increased saturation and nonplanar display of 
functionality (2-4). 

C-H bond functionalization has emerged as 
a powerful approach for the synthesis and mod- 
ification of planar, aromatic N-heterocycles from 
cheap and readily available precursors (5—//). 
Recently, we reported on a cascade reaction com- 
prising rhodium-catalyzed C-H activation of imines 
1 with coupling to alkynes 2 to give azatrienes 3 
followed by electrocyclization to provide densely 
substituted 1,2-dihydropyridines 4 (Fig. 1B) 
(12-15). These relatively unstable nonaromatic 
N-heterocycles can readily be aromatized to 
stable pyridines. Dihydropyridines 4 can also 
be converted to more highly saturated hetero- 
cycles (16); however, densely substituted deriv- 
atives have previously been difficult to access 
and pose a particular challenge in terms of regio- 
and stereochemical transformation. Recently, 
we demonstrated an in situ protonation/reduction 
sequence that provides tetrahydropyridines 7 
with very high regio- and diastereoselectivity (/7). 
Here, we demonstrate that tetrahydropyridines 
8 with an alternative substitution pattern and 
stereochemical display can be accessed by tuning 
the strength of the acid used. In addition to 
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hydride, a range of carbon nucleophiles have 
also been added to both iminium intermediates 
5 and 6 to provide even more densely substi- 
tuted derivatives of 7 and 8. 

Consider the addition of a proton, the simplest 
of all electrophiles, to highly substituted 1,2- 
dihydropyridine 4a (Fig. 2). The four most likely 
products are cis and trans stereoisomers of reactive 
iminium ions 5a and 6a, obtained by protonation 
at the a and y positions, respectively. Each of these 
reactive intermediates might also be expected to 
undergo additional transformations to give un- 
desired by-products such as enamine tautomers 
or dimers and higher-order oligomers. 

Despite the large potential number of products, 
we directed our efforts at the selective formation 
of single iminium isomers (/8, 79). When a strong 
acid with a pK, (where K, is the acid dissociation 
constant) several units below that of 4a is used, o 
protonation occurs under kinetic control to give 
5a as the major product (Fig. 2). Preferred kinetic 
protonation at the o. position is consistent with elec- 
trophilic attack reported for conjugated dienolates 
(20). A screening of acids and solvents showed 
that arylsulfonic acids in dichloromethane afford 
a-protonated cis-5a as a single diastereomer with 
>95% selectivity. Thus, treatment of 4a with 1.1 
equivalents of PhSO3H in dichloromethane at 
room temperature resulted in complete protonation 
within 15 min as evidenced by 'H nuclear mag- 
netic resonance (NMR) spectroscopy. Isomeriza- 
tion to other species, eventually trans-6a, took 
place with a half life of 38 hours. 
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Protonation of 4a under thermodynamic con- 
trol was achieved using two equivalents of a 
weaker acid and equilibration over 12 to 16 hours 
at room temperature. Treatment with (PhO),PO,H 
in tetrahydrofuran (THF) at room temperature gave 
y-protonated trans-6a with >95% regio- and 
diastereochemical purity. Solutions of trans-6a 
remained unchanged at room temperature over 
weeks and upon heating to 80°C for 1 day, in- 
dicating that the thermodynamically most stable 
ion had formed. From a practical point of view, 
benzenesulfonic acid and diphenyl phosphoric 
acid not only permit the directed formation of 5a 
and 6a but also have the advantage of being 
easily weighable solids that provide iminium salts 
that are soluble in organic solvents. 

To rigorously define the relative stereochem- 
istry and obtain a better understanding of the 
conformations of the products of protonation, x-ray 
structures were obtained for kinetically favored 
iminium ion cis-5a and thermodynamically favored 
iminium ion trans-6a. Moreover, for kinetic iminium 
ion cis-5a, a fast crystallization process (2 hours), 
rather than the typically preferred slow crystal for- 
mation, was necessary to prevent iminium equil- 
ibration. The ring in kinetic ion cis-5a adopts a 
boatlike conformation with the C3-Me and C6-Et 
substituents in pseudoaxial positions (Fig. 3A1). 
The piperidine ring in the thermodynamic ion 
trans-6a exhibits a more planar geometry of the 
N-C1-C2-C3 moiety with the C5-Et and C6-Et 
substituents now disposed in pseudoaxial posi- 
tions (Fig. 3A2). Presumably, the pseudoaxial 
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Fig. 1. (A) Drugs containing a multiply substituted piperidine core. (B) Rhodium-catalyzed synthesis of dihydropyridine intermediates leading to 


piperidine derivatives. 
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orientation of the substituents on the saturated 
carbons for both the kinetic and thermodynamic 
iminium ions avoids unfavorable A-1,2-interactions. 

Density functional theory (DFT) calculations 
were carried out at the B3LYP/6-311G+(d,p) level 
of theory to further characterize the energies and 
conformations for the four possible protonation 
products (2/). The kinetic iminium ion cis-5a 
was calculated to adopt a boatlike conformation 
with the C3-Me and C6-Et groups in pseudoaxial 
positions, consistent with the x-ray structure (Fig. 
3B1). The alternative boatlike conformation with 
the C3-Me and C6-Et groups in pseudoequatorial 
positions was calculated to be higher in energy 
by 8.3 kcal/mol, consistent with the unfavorable 
A-1,2-interactions imparted by adjacent alkenyl 
methyl groups (22). The thermodynamic protona- 
tion product trans-6a was calculated to be the 
most stable of the four possible iminium ions by 
>3 kcal/mol, consistent with its being the only 
observable isomer under thermodynamic control 
(Fig. 3B2). The overall geometry, bond distances, 
and angles obtained with the DFT calculations 
are in very good agreement with the structures 
obtained for both cis-5a and trans-6a. 

The conditions developed for kinetic and ther- 
modynamic protonation to provide single diaster- 
eomers of reactive iminium ions set the stage 
for an extremely efficient protocol to prepare 
distinct regio- and diastereomeric tetrahydropyr- 
idines 7 and 8 with multiple stereogenic centers. 
Dihydropyridines 4 are first prepared by the afore- 
mentioned Rh-catalyzed cascade process from 
commercially available alkynes 2 and imines 1, 
which are in turn readily prepared from common 
enones and primary amines. Kinetic protonation 
of 4 at the @ position provides iminium ions 5, 
which upon nucleophilic addition should provide 
tetrahydropyridines 7. Alternatively, thermody- 
namic protonation at the y position provides ions 
6, to which nucleophilic addition should provide 
tetrahydropyridines 8, respectively. Variation of 
the substitution pattern in each starting component 
should result in a vast number of potential per- 
mutations for the differential display of function- 
ality in the stable piperidine derivatives 7 and 8. 

We first sought to explore reductions to pro- 
vide hydride addition products 7 and 8 obtained 
from kinetic and thermodynamic protonation, re- 
spectively (Fig. 4). We recently reported that upon 
formation of dihydropyridine 4 treatment with 
Na[(AcO)3BH] in the presence of acetic acid pro- 
vides 7 (Nu = H) in good overall yields based upon 
starting imine 2 with uniformly very high stereo- 
selectivity (/7). This reaction presumably pro- 
ceeded by in situ formation and then reduction 
of kinetic iminium 5. 

To explore reduction of the thermodynami- 
cally favored iminiums 6, formation of 6a under 
thermodynamic control was followed by reduc- 
tion with the mild hydride donor [(AcO)3BH] in 
THF to afford tetrahydropyridine 8a in an 80% 
overall yield with respect to imine la (Fig. 4, 
conditions B and C). Compound 8a was formed 
as a single diastereomer as evidenced by NUR 


spectra of the crude product mixture; its relative 
configuration of the saturated ring carbon atoms 
was established unambiguously by x-ray crystal- 
lography (fig. S4). Starting from differently sub- 
stituted imine and alkyne precursors, products 8b-i 
were obtained in high overall yields of 61 to 87% 
(Fig. 4). More importantly, very high diastereo- 
selectivities were observed uniformly except for 8b 
and 8g, which were obtained as a 10:1 and 8.5:1 
mixture of two diastereomers, respectively. In the 
case of 8g, reduction using Li{7-Bu3BH] increased 
the diastereoselectivity to >95% and showed that 


acid H-A with 
pKa << pKa(4a—-H*) 


typically: 
PhSO3H (1 equiv) 
CH2Clo, RT, 15 min 


Mé H 
trans-5a 


improvement of diastereomeric ratio was possible 
using a sterically more demanding reducing agent. 
Tolerance of different N-substituents (8a—c), un- 
symmetrical and functionalized alkynes (8d-f), as 
well as (hetero-)aryl substituents (8g—i) under- 
scored the generality of the methodology. 
Through this sequence, the piperidine products 
8 were obtained via the direct generation of iminium 
ions 6 from imine and alkyne inputs. Isolation of 
the dihydropyridine intermediate 4 before proto- 
nation and reduction was only necessary for the 
preparation of products 8e and 8f. All other highly 


acid H—A with 
Et PKa < pKa(4-H*) 


Me typically: 
Me (PhO)2PO3H (2 equiv) 
trans-6a THF, RT, 12-16h 


Fig. 2. Four possible iminium ions resulting from protonation of dihydropyridine 4a. RT, room 


temperature. 
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Fig. 3. X-ray crystal structures (displayed with 50% displacement ellipsoids) of iminium ions (A1) cis-5a 
and (A2) trans-6a; calculated structures of (B1) cis-5a and (B2) trans-6a. Numbers are bond lengths in 
A; H atoms have been omitted except when attached to saturated ring atoms. 
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substituted piperidine derivatives required only a 
single workup and purification at the end of the 
sequence. 

Successful hydride reduction of the iminium 
ions suggested the feasibility of diastereoselective 
addition of carbon nucleophiles, although compet- 
itive deprotonation pathways posed a challenge. 
Iminium ions 5 and 6 both exhibited C-electrophilic 
C2 positions but also Bronsted-acidic and y sites 
where protonation of the m system of 4 had oc- 


imine 


curred. Organometallic reagents R-{M] of high 
Bronsted basicity, such as alkyllithiums and alkyl 
Grignard reagents, led to mixtures of C2-addition 
products 7 or 8 and dihydropyridines 4 resulting 
from deprotonation. We identified several nucleo- 
philes that underwent clean 1,2-addition and af- 
forded only minor amounts of undesired elimination 
products. Allyl, benzyl, alkynyl, and ester groups 
could be introduced using allyH{CeCl], ArCH— 
[CeCh], RC=C-MegC]], and ROC(O)CH>2-[ZnBr] 


H H 
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Me 
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80 94% 
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8q 67% 


Fig. 4. Substrate scope for the synthesis of products 7 and 8. Conditions: (A) 1:2 [RhCl(cyclooctene).]2/4- 
Me zNCgHa-PEt, (1 to 2.5 mol %), Phe. (B) (PhO)PO>H, THF. (C) Na[(AcO);BH], THF or R-[M], THF or Et,0. 
(D) PhSO3H, CH>Cl,. (E) R-[M], THF or Et,0; for experimental details, see the supplementary materials. 
TIRh] step run in THF, and reaction carried out as a one-pot procedure; +[Rh] step run in THF, and 
reduction conducted using Lili-Bu3BH]; §(27). 
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reagents, respectively. Organometallic reagents were 
selected that favor electrophilic addition over com- 
petitive deprotonation pathways (23). 

Addition reactions to both cis-5 and trans-6 
proceeded in high yields and excellent diastereo- 
selectivities (Fig. 4). For these transformations, the 
dihydropyridine intermediates 4 were separated 
from the rhodium catalyst by filtration through alu- 
mina, converted to the iminium ions with PhSO3H 
or (PhO),PO>H, and added to an excess of the 
carbon nucleophile in THF or diethyl ether. Tetra- 
hydropyridines 7a—g and 8j—q were obtained in 
yields of 66 to 94% and with diastereoselectiv- 
ities of 94:6 or higher. NMR spectra of the crude 
products confirmed that the diastereoselectivities 
were not a result of selective isolation of one 
particular stereoisomer. In analogy to the hydride 
reductions of 6, exclusive 1,2-addition (no 1,4- 
derivatization) was observed. Relative configu- 
rations were inferred on the basis of crystal 
structures of 7a (17), 7e, and 8m (figs. S3 and S5) 
and the similarities of the NMR spectra of the two 
sets of products. Compounds 7 exhibited all-cis 
stereochemistry of the substituents R?, R? , and 
R°, whereas for 8 trans-R°/R° and trans-R°/R? ste- 
reochemistry was observed. Thus, the facial se- 
lectivity for the addition step was the same for 
{(AcO)3BH] and the organometallic reagents, sug- 
gesting that the preferred trajectory was mainly 
determined by the geometry of the iminium ions 5 
and 6 and to a lesser extent by the nature of the 
nucleophile. Tetrahydropyridine 8q features seven 
different substituents as a result of coupling of a 
differentially substituted imine with an unsymmet- 
rical alkyne and addition of an alkynyl nucleophile. 
Such a level of directed placement of substituents 
around a piperidine ring has not been reported to 
the best of our knowledge (2/, 22). 

The x-ray structures of the reactive iminium 
ions cis-5a and trans-6a offer prospective in- 
sight into the high diastereoselectivities that were 
consistently observed in the nucleophilic addi- 
tion steps. Nucleophilic addition to ion cis-5a 
is most likely directed by the pseudoaxial C3 
substituent, which exerts the strongest steric 
hindrance to nucleophiles approaching the C2 
electrophilic center. The relatively planar C2— 
C3-C4 moiety of trans-6a provides little facial 
steric bias for the incoming nucleophile. We there- 
fore hypothesize that the conformation of the 
benzyl group might govern diastereoselectivity 
in the addition step. 

Although pharmaceutical researchers now 
routinely and reliably separate enantiomers by 
preparative chiral high-performance liquid chro- 
matography (24, 25), an asymmetric variant of the 
present reaction sequence could be contemplated 
through the use of chiral directing groups or 
asymmetric electrocylization catalysts (26, 27). 
Moreover, the addition of many other types of 
nucleophiles should be possible, and the 1,2- 
dihydropyridine intermediates 4 could conceiv- 
ably react with electrophiles other than protons to 
enable the regio- and stereoselective synthesis of 
even more densely substituted products. 
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A Functional [NiFe]Hydrogenase 
Mimic That Catalyzes Electron 
and Hydride Transfer from H, 


Seiji Ogo,’73* Koji Ichikawa,” Takahiro Kishima,” Takahiro Matsumoto,’ 
Hidetaka Nakai,” Katsuhiro Kusaka,* Takashi Ohhara? 


Chemists have long sought to mimic enzymatic hydrogen activation with structurally simpler 
compounds. Here, we report a functional [NiFe]-based model of [NiFe]hydrogenase enzymes. 
This complex heterolytically activates hydrogen to form a hydride complex that is capable of 
reducing substrates by either hydride ion or electron transfer. Structural investigations were 
performed by a range of techniques, including x-ray diffraction and neutron scattering, resulting in 
crystal structures and the finding that the hydrido ligand is predominantly associated with the Fe 
center. The ligand’s hydridic character is manifested in its reactivity with strong acid to liberate H>. 


ickel-iron hydrogenase enzymes 
ike catalyze the transfer of 
electrons from hydrogen gas (H2) to a 
redox partner (/—5). This activation of H» for 
the release of electrons and/or hydride ions has 


tremendous potential applications from energy 
generation to industrial synthesis, and so H2ases 
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are currently the focus of much research across 
many disciplines. 

We have previously reported a [NiRu]model 
complex ([Ni'(X)(H2O)(-H)Ru!(CsMeg)](NO3) 
{[3(NO3), where X = N,N'-dimethyl-3,7-diazanonane- 
1,9-dithiolato and Me indicates a methyl 
group}) that can mimic the chemical functions 
of [NiFe]Hzases (6, 7). Based on the [NiRu] core, 
this complex could activate H> in water, at room 
temperature, and use the extracted electrons to 
reduce substrates as part of a catalytic cycle. A 
central finding of this study was that the so-called 
hydride complex actually took the form ofa three- 
center Ni-H—Ru bond—in other words, the elec- 
trons from the hydride were used to form a Ni-Ru! 
bond with the proton. Because no functional 
hydride-type model had been reported, we were 
confident that the protic form was the best de- 
scriptor of the active state of [NiFe]Hzases. 

As a result of our efforts to improve this 
original model, we can now report a functional 
model complex based on a [NiFe] core. Further- 
more, this complex bears a true hydride ion in 
the reactive form. Not only is this catalyst far 


cheaper than our previous complex, it constitutes 
a major step forward in the understanding of 
[NiFe]H,ases. Here, we describe the synthesis of 
this model and report its chemical and struc- 
tural features. 

Model complex ([Ni"(X)Fe"(MeCN) {P(OE1);!3] 
(BPhy)2 {[1](BPhy)2, where X' = N,N-diethyl- 
3,7-diazanonane-1 ,9-dithiolato, Et indicates an eth- 
yl group, and Ph a phenyl group}) bears the 
characteristics that we have previously described 
as necessary for a [NiFe]H,ase model complex: a 
bimetallic core, a u-S bridge between the metal 
centers to allow close approach, and ligands ca- 
pable of accepting m-back donation from the Fe 
(or Ru) center. The three most important develop- 
ments in this complex are the replacement of Ru 
with Fe, the replacement of an aryl ligand with 
three triethylphosphite {P(OEt)3} ligands, and, 
crucially, the use of sodium methoxide (MeONa) 
as a base instead of water. 

The structure of 1, bearing a MeCN ligand at 
the vacant site, was determined by x-ray diffrac- 
tion (fig. S1), proton nuclear magnetic resonance 
('H NMR) spectroscopy (fig. S2), and mass spec- 
trometry (fig. S3) (8). The Ni--Fe distance is 
3.3189(6) A. The Ni-S-Fe angles are 94.93(4) 
and 94.79(4)°. 

Complex 1 heterolytically activated H, in 
MeCN/MeOH at room temperature and at- 
mospheric pressure. Abstraction of a proton 
from bound H, by a strong base (MeONa) re- 
sulted in formation of hydride-bearing complex 
([Ni"(X)(u-HDFe!!{POED)s}(BPhy) {[2(BPh,)}) (9). 

The structure of the hydride-bearing complex 
2 was determined by x-ray diffraction (Fig. 1), 
neutron scattering (fig. S4), 'H NMR (fig. S5) 
and infrared (IR) spectroscopy (fig. S6), and 
mass spectrometry (fig. S7). The Ni atom adopts 
the same planar structure as in 1, and the Ni--Fe 
distance is 2.7930(6) A, which is also compa- 
rable to the Ni--Ru distance in 3. These distances 
are, however, longer than the Ni--Fe separation in 
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the reduced state of [NiFe]H>ase (9) and that in 
a nonfunctional [NiFe]complex ([Ni"(dppe)(u- 
H)Fe'\(pdt)(CO);|(BF4) {[4](BF,), where dppe = 
1,2-bis(diphenylphosphino)ethane and pdt = 1,3- 
propanedithiolate}) reported by Rauchfuss and co- 
workers (/0). Neutron-scattering analysis allowed us 
to confirm the position of the hydride ion in 2 (strict- 
ly speaking, the deuterido ligand). For this analysis, 
we synthesized D-labeled 2 by using D, in place 
of Hp ([Ni'(X)(u-D)Fe" {P(OEt)3}3](BPha) {[D- 
labeled 2](BPhy)}). The results show that the Fe-D 
bond distance [1.577(17) A] is much shorter than 
the Ni-D bond length [2.18(4) A], suggesting that 
the hydride ion is located on the Fe center. This 


is a marked difference from the metrics for 3 and 
4, which both have similar values for the Ni-H and 
Ru-H/Fe-H distances, suggesting three-center bonds 
for these complexes [for 3, Ni-H = 1.859(7) A and 
Ru-H = 1.676(8) A; for 4, Ni-H = 1.64(6) A and 
Fe-H = 1.46(6) Al. 

The 'H NMR spectrum of 2 exhibits a double 
triplet resonance at —3.57 parts per million that is 
derived from the hydrido ligand coupling with 
the nuclear spin of three P atoms (fig. S5). In the 
case of D-labeled 2 (discussed further below), no 
hydride-derived signal was observed in the 'H 
NMR spectrum. Complex 2 is diamagnetic, as 
evidenced by the appearance of its 'H NMR 


Fig. 1. An Oak Ridge ther- 
mal ellipsoid plot drawing 
of the solid-state structure 
of [2](BPh,) with ellipsoids 
at the 50% probability lev- 
el. The counteranion (BPh,) 
and hydrogen atoms of NV'- 
diethyl-3,7-diazanonane- 
1,9-dithiolato (X') and 
P(OEt); are omitted for clar- 
ity. Selected interatomic dis- 
tances and angles are as 
follows: Ni1—H1, 2.16(4) 
A; Fe1-H1, 1.57(5) A; 
Nil-+-Fel, 2.7930(6) 
A; Ni1-S1-Fel, 75.76(3); 
Ni1—S2-Fe1, 75.82(3)°. 
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Fig. 2. Heterolytic activation of Hz (0.1 MPa) by [NiFe]complex 1 in MeCN/MeOH containing MeONa to 
form [NiFelhydride complex 2 and transfer of hydride or electrons from 2 to H*, AcrH*, or MV**, 


respectively, resulting in their reduction. 
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spectrum and the electron spin resonance silence 
at 128 K. The IR spectrum of 2 shows an isotope- 
sensitive band at 1687 cm ', which is assigned 
as v(Ni-H-Fe) (fig. S6). The band shifted to 
1218 cm! by using D-labeled 2. The positive- 
ion electrospray ionization (ESI) mass spectrum 
of 2 in MeOH shows a prominent signal at mass- 
to-charge ratio (m/z) = 861.2 that corresponds to 
[2]" and a characteristic isotopic distribution that 
matches well with the calculated isotopic dis- 
tribution (fig. S7). To establish the origin of the 
hydrido ligand of 2, D-labeled 2 was used. The 
mass spectrum shows the signal at m/z = 862.2, 
thus demonstrating that the hydrido ligand is de- 
rived from Dz. The redox property of 2 was 
analyzed by cyclic voltammetry (fig. S8). 

In common with [NiFe]Hjases, complex 2 
can perform both hydride and electron transfers 
(Fig. 2). 10-Methylacridinium ion (AcrH") and 
methylene blue (MB’) as a nicotinamide adenine 
dinucleotide (NAD*) model were reduced to 10- 
methyl-9, 10-dihydroacridine (AcrH2) and MBH, 
respectively (8). When using D-labeled 2, deute- 
rium was incorporated into the substrate (AcrHD). 
When 2 reacted with HBF, in MeCN, gas chro- 
matography detected evolved H, gas, and HD gas 
was evolved when using D-labeled 2 instead of 2. 
The reaction of 2 with an excess amount of HBF, 
obeyed pseudo-—first-order kinetics with respect 
to 2, in which the rate constant was determined as 
6.5 x 10 *s_! (fig. S9). As an electron donor, 2 
was able to reduce methyl viologen (MV*") and 
ferrocenium ion {(Fe"(C5Hs).]'t to their one- 
electron reduced forms, as evidenced by the rel- 
evant changes in the 'H NMR and ultraviolet/ 
visible spectra of the solutions (8). After these re- 
ductions, 2 returmed to its oxidized form, 1, which ac- 
tivated H with MeONa to re-form 2 (single tumover). 

It is worth comparing the chemical and struc- 
tural characteristics of 2 with previous model 
compounds. Complex 2 can perform both hydride 
and electron transfers, whereas 3 can only per- 
form the electron transfer and 4 is nonfunctional. 
Complexes 3 and 4 both exchange bound H" for 
solution-phase D*, indicating that their hydride 
ligands have a strong protic character, whereas 
H - and D -bound 2 react with an acid to produce 
H, and HD, indicating a hydridic character. These 
differences in chemical behavior are nicely re- 
flected in the structural differences, notably the 
equidistant positioning of the bound proton in 4 
versus the Fe-bound hydride in 2. 

The reactivity of 2 may also shed important 
light on the reactive species in natural Hzases. 
Whether the hydride ion was predominantly bound 
to the Ni or Fe center has never been conclusively 
proved, although some opinion has tended toward 
a Ni-bound hydride (/). This study indicates that a 
Fe-bound hydride might be a better picture. 
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Time Scales of Critical Events Around 
the Cretaceous-Paleogene Boundary 


Paul R. Renne,”* Alan L. Deino,*+ Frederik J. Hilgen,?+ Klaudia F. Kuiper,*t Darren F. Mark,°+ 
William S. Mitchell III,?2°¢ Leah E. Morgan,°t Roland Mundil,*+ Jan Smit*t 


Mass extinctions manifest in Earth's geologic record were turning points in biotic evolution. 

We present *°Ar/??Ar data that establish synchrony between the Cretaceous-Paleogene boundary 
and associated mass extinctions with the Chicxulub bolide impact to within 32,000 years. 
Perturbation of the atmospheric carbon cycle at the boundary likely lasted less than 5000 years, 
exhibiting a recovery time scale two to three orders of magnitude shorter than that of the 
major ocean basins. Low-diversity mammalian fauna in the western Williston Basin persisted for 
as little as 20,000 years after the impact. The Chicxulub impact likely triggered a state shift 


of ecosystems already under near-critical stress. 


between the Cretaceous and Paleogene 
periods, ~66 million years ago (Ma), likely 
involved the catastrophic effects of a bolide im- 
pact (/), although other factors may have played 
an important role (2-5). To a large extent, am- 
biguity between the possible causes stems from 
inadequate age resolution of relevant events near 
KPB time. Existing geochronologic data sur- 
rounding the linkage between the KPB and 
the Chicxulub structure in the northern Yucatan 
Peninsula of Mexico actually exclude synchro- 
ny, indicating that the Chicxulub impact and 
cogenetic impact melt droplets, termed “tektites” 
(6-8), postdated the KPB by 183 + 65 (9) thou- 
sand years (ky) and 181 + 71 ky, respectively 
(see supplementary materials). In contrast, some 
data suggest that the Chicxulub impact predated 
the KPB by several hundred thousand years, 
and that discrete tektite-bearing horizons in the 
Gulf of Mexico region were derived from mul- 
tiple impact events (/0). 
We acquired high-precision “°Ar/*’Ar data 
to clarify these temporal relationships and thereby 


T= mass extinction at the boundary (KPB) 
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facilitate a clearer sequencing of events asso- 
ciated with the KPB extinctions and subsequent 
ecosystem recovery. We analyzed multiple samples 
of the tektites to refine the age of the Chicxulub 
impact, and of bentonites (altered volcanic ashes; 
Fig. 1) clearly associated with the KPB to test 
for synchrony of the boundary with the impact. 
arP° Ar ages (Figs. 2 and 3) were determined 
(see supplementary materials) by incremental 
heating of 14 tektites from Beloc, Haiti, giving 
a weighted mean age of 66.032 + 0.058/0.072 
Ma (//) that is indistinguishable from that deter- 
mined by previous studies (12, /3) when normal- 
ized to the same calibration. Combining all data 
yields an age of 66.038 + 0.025/0.049 Ma for the 
tektites. 

We also performed *°Ar/*?Ar dating on san- 
idine separated from four bentonites in three 
distinct coal beds within two widely separated 
stratigraphic sections in the Hell Creek region of 
northeastern Montana. Extensive studies in this 
region have documented faunal, floral, and chemo- 
stratigraphic aspects of latest Cretaceous through 
early Paleogene terrestrial strata. Both sections 
contain well-documented Ir anomalies coinci- 
dent with the biostratigraphically defined KPB 
(Fig. 1). In the Hauso Flats section, we analyzed 
samples from two localities ~200 m apart of a 
bentonite from the IrZ coal, located stratigraph- 
ically only a few centimeters above the horizon 
yielding the largest iridium anomaly [up to 11.7 
parts per billion (ppb) at the nearby Herpijunk 
locality; (/4)] reported from this area and 5 cm 
above the highest occurrence of Cretaceous pollen 
in the section (/5). All of our data combined yield 
a weighted mean age of 66.043 + 0.011/0.043 Ma. 


A bentonite from the Hauso Flats Z (HFZ) coal, 
18 m stratigraphically above the IrZ coal, yielded 
an age of 65.990 + 0.032/0.053 Ma. Isotope 
dilution—thermal ionization mass spectrometry 
(ID-TIMS) U-Pb analyses of 15 chemically abraded 
zircons from the same HFZ coal bentonite yielded 
a weighted mean age of 65.988 + 0.074 Ma, in 
agreement with the *°Ar/*°Ar results. In the 
Hell Creek Marina road section, we analyzed 
two bentonites within the Z coal, which lies 50 to 
60 cm above a 0.57-ppb Ir anomaly (/6). The 
two bentonites are separated stratigraphically by 
~30 cm and yield results for the lower (Z2) and 
upper (Z) bentonites of 66.019 + 0.021/0.046 Ma 
and 66.003 + 0.033/0.053 Ma, respectively. 

The IrZ coal bentonite is much closer strat- 
igraphically to both impact signals and the bio- 
stratigraphically defined KPB than the Z coal 
bentonites; thus, it should be regarded as the 
closest stratigraphic proxy for the KPB. Accord- 
ingly, a comparison with the pooled age for the 
Beloc tektites indicates a statistically insignif- 
icant age difference of 5 + 27 ky between the two 
events. Thus, the hypothesis that the Chicxulub 
impact predated the KPB by ~300 ky (/0) is 
unsupported by our data. Our preferred absolute 
age for the KPB, including propagated system- 
atic uncertainties, is 66.043 + 0.043 Ma. This 
age, which is intrinsically calibrated by both “°K 
and **8U decay constants (17), is sufficiently pre- 
cise to discriminate between 100-ky orbital ec- 
centricity cycles at 66 Ma, in principle allowing 
comparison with astronomical tuning approaches 
to dating the KPB. However, the uncertainty in 
the astronomical solution (~40,000 years ago) at 
66 Ma (/8) effectively limits this discrimination 
because the 100-ky cycle is not reliable in the solu- 
tion due to chaotic behavior of the solar system. 
Our age for the KPB, if based on the Kuiper et al. 
(19) calibration, would be 65.836 + 0.061 Ma, 
which would be sufficiently precise to discriminate 
between 405-ky but not 100-ky orbital cycles. Be- 
cause circum-KPB marine records generally lack 
appropriate materials for high-resolution radio- 
isotopic dating, astronomical tuning potentially 
represents the best means of temporally calibrating 
marine records and enabling their comparison with 
terrestrial records in this time interval. A fully cal- 
ibrated astronomical solution can potentially en- 
able deconvolution of orbital forcing from other 
causes of climate change. 

The KPB age as determined by our data 
for the IrZ coal bentonite agrees with the astro- 
nomical age (66 + 0.07 Ma; option 2) derived 
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from deep-sea cores (20) and the preferred as- 
tronomical age (65.957 + 0.040 Ma) inferred by 
Kuiper et al. (19) from the Zumaia section of 
Spain, but not with that (65.25 + 0.06 Ma) of 
Westerhold et al. (21) (fig. S6). We conclude that 
the younger age inferred by Westerhold e¢ al. 
(21) is a consequence of miscalibration by two 
405-ky eccentricity cycles (see supplementary 
materials) and that the terrestrial and marine Ir 
anomalies are synchronous. This conclusion 
is strengthened by our concordant U-Pb and 
4° ay/°Ar dates for the HFZ coal, which indicate 
that the KPB is older than 65.988 + 0.074 Ma 
and 65.990 + 0.053 Ma, respectively. 

Our data indicate that the stratigraphic inter- 
val of ~18 m between the IrZ and HFZ coals in 
the Hauso Flats section corresponds to a duration 
of 53 + 34 ky, whereas the previous *°Ar/??Ar 
data from the same section (/5) suggested a du- 
ration of 390 + 70 ky. This interval spans most 
of the Pul basal Puercan (North American Land 
Mammal Age) mammalian fauna known from 
northeastern Montana and adjacent areas in Ca- 
nada, containing only 15 recognized species com- 
pared with 27 in the preceding (pre-K PB) Lancian 
stage (22). The brevity of the IrZ-HFZ interval 
of the basal Tullock Formation implied by our 
new data indicates that the depauperate Pul 
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fauna persisted as briefly as 20 ky and supports 
the hypothesis (22) that much of the post-KPB 
vertebrate faunal recovery in the Hell Creek area 
occurred by immigration rather than evolution- 
ary radiation, given that the duration of specia- 
tion events for mammals (at least, late Cenozoic 
ones) typically exceeds hundreds of thousands 
of years (23). 

Our dating of the IrZ and HFZ bentonites 
constrains the terrestrial, hence atmospheric, 
—1.5 per mil (%o) &'°C isotope anomaly in the 
Hauso Flats section (24) to have occurred early 
within the first 53 + 34 ky of the Paleogene. 
Scaling the sediment accumulation rate by lin- 
ear interpolation between the two dated horizons 
and allowing the maximum possible stratigraph- 
ic extent of the anomaly (considering sample in- 
terval) yield a maximum duration of 5 + 3 ky for 
the anomaly. Similarly, applying our date for the 
IrZ bentonite to the iridium anomaly and scaling 
to the Z, bentonite in the Hell Creek Marina 
road section (24) yields a maximum duration of 
13 +13 ky for the —2.0%o &'°C anomaly there. 

The terrestrial 8'°C anomaly is markedly 
consistent in magnitude, timing, and rapidity 
of onset with marine records, although the latter 
commonly show much longer recovery time 
scales. Some marine records [e.g., (7)] show an 
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Fig. 1. Stratigraphic sections in the Hell Creek area of northeastern Montana (inset) showing positions of 
dated bentonites in relation to Ir anomalies (16, 41) and carbon isotope records (24) from the same 
sections. The two sections have different vertical scales; thin dotted line connects horizons at 1 m above 
the Ir anomaly in the two sections. Ages shown are from “°Ar/?Ar analysis of sanidine except one (U/Pb) 
from U-Pb analysis of zircon. Age uncertainties (in parentheses) refer to last significant figures shown and 
include analytical sources only. White dots labeled P and K on both sections show the lowest occurrence of 
Paleocene pollen and the highest occurrence of Cretaceous pollen, respectively (15). 
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initial decrease of 1 to 2%o followed by a rapid 
increase of ~1%o on the time scale of several 
thousand years, succeeded by a much more grad- 
ual increase over several million years to pre-KPB 
values. Other cases show more rapid recovery of 
marine 8'°C to pre-KPB values, as in the Agost 
section of southern Spain, where the duration 
of the anomaly and partial recovery are esti- 
mated to have occurred over 3 to 5 ky, and full 
recovery to have occurred over <100 ky (25). 
Differences between &'°C values in planktic 
versus benthic foraminifera from Atlantic and 
Pacific cores also show precipitous drops at the 
KPB, interpreted to reflect a major disruption in 
mixing between surface- and deep-water masses 
(26). Restoration of pre-KPB values of the dif- 
ferential, hence of normal ocean circulation, ex- 
perienced a protracted recovery spanning several 
millions of years and was likely the rate-limiting 
determinant in recovery of general marine pro- 
ductivity (26). 

Our results strengthen conclusions that the 
Chicxulub impact played an important role in 
the mass extinctions. However, global climate 
instability preceded the KPB (and thus, in view 
of our data, the Chicxulub impact) by ~1 million 
years (My) (27-29). During this interval, six 
abrupt shifts of >2°C in continental mean annual 
temperatures have been inferred from paleo- 
flora in North Dakota (29). The most dramatic 
of these temperature oscillations, a drop of 6° to 
8°C, occurred <100 ky before the KPB (29) and 
was closely synchronous with notable mamma- 
lian turnover in the Hell Creek area (30). Several 
cycles of latest Cretaceous sea-level oscillations 
are recorded in the Williston basin with an over- 
all regression peaking just before the KPB (3/), 
possibly a glacio-eustatic response to climatic 
cooling. Cooling at this time is consistent with 
a global sea-level drop of ~40 m beginning in 
geomagnetic polarity chron 30n and ending in 
chron 28r (32), clearly spanning the KPB. This 
event followed closely on a sharp sea-level drop 
and subsequent rise of ~30 m, coincident with 
the highest 5'SO values recorded for the 30 My 
before or afterward, which occurred in the mid- 
dle of chron 30n (32), ~1 My before the KPB. 
Recognition of these and other relatively brief 
events led Miller et al. (32) to infer the existence 
of multiple ephemeral Antarctic ice sheets be- 
tween 100 and 33 Ma. 

We suggest that the brief cold snaps in the 
latest Cretaceous, though not necessarily of ex- 
traordinary magnitude, were particularly stress- 
ful to a global ecosystem that was well adapted 
to the long-lived preceding Cretaceous hothouse 
climate. The Chicxulub impact then provided a 
decisive blow to ecosystems thus already under 
critical stress, and in essence pushed the global 
ecosystem across a threshold that triggered a 
planetary state shift (33, 34). Although the atmo- 
spheric carbon cycle was disrupted only brief- 
ly, and initial mammalian faunal changes after 
the KPB may have been dominated by migra- 
tion, some changes such as the disappearance 
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Fig. 2. Summary of single-crystal geochronology results for volcanic ashes 
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of nonavian dinosaurs were permanent. Thus, 
whereas some paleoenvironments may have 
been restored relatively rapidly, terrestrial and 
marine ecosystems changed forever. 

The cause of the precursory climate pertur- 
bations that pushed some ecosystems to the 
tipping point is unclear, but a leading candidate 
is volcanogenic volatile emissions (35) from early 
pulses of the episodically erupted Deccan Traps 
(36, 37). The magmatic event producing the 
Deccan Traps was clearly initiated prior to the KPB 
(38), and the most voluminous middle pulse of 
volcanism may be linked to either (i) the incep- 
tion of a two-staged decline in marine '*’Os/'*8Os 
beginning about 300 ky before the KPB (39) or 
(ii) the KPB itself (36, 37, 40). Existing geo- 
chronological data are insufficiently precise to 
constrain these relationships with age resolution 
comparable to that presented here for the KPB 
and the Chicxulub impact. Refining the timing 
and tempo of Deccan volcanism remains a con- 
siderable challenge whose resolution is key to 
evaluating the role of this event in the causes of 
biotic and environmental change at the KPB. 
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Stress State in the Largest 
Displacement Area of the 2011 
Tohoku-Oki Earthquake 
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The 2011 moment magnitude 9.0 Tohoku-Oki earthquake produced a maximum coseismic 

slip of more than 50 meters near the Japan trench, which could result in a completely reduced 
stress state in the region. We tested this hypothesis by determining the in situ stress state of 
the frontal prism from boreholes drilled by the Integrated Ocean Drilling Program approximately 
1 year after the earthquake and by inferring the pre-earthquake stress state. On the basis of 
the horizontal stress orientations and magnitudes estimated from borehole breakouts and the 
increase in coseismic displacement during propagation of the rupture to the trench axis, in situ 
horizontal stress decreased during the earthquake. The stress change suggests an active slip 

of the frontal plate interface, which is consistent with coseismic fault weakening and a nearly 


total stress drop. 


he huge tsunami associated with the 2011 
Tohoku-Oki earthquake [moment magni- 
tude (M,,) 9.0] was caused by the very 
large coseismic fault displacement of the shallow 
portion of the subduction zone near the Japan 


trench (/—5). Besides the unprecedented large 
coseismic slip of >50 m, the other surprising 
feature of the earthquake is that the large slip 
on the frontal plate interface reached the sea floor 
at the trench axis (6). The state of stress and fric- 


tional behavior of the frontal plate interface is 
important for controlling coseismic displacement. 
Indirect analyses on stress state change and/or 
stress drop associated with the 2011 Tohoku-Oki 
earthquake have been carried out from remotely 
sensed observations (7—/2). 

To investigate the stress change associated 
with the 2011 Tohoku-Oki earthquake, we anal- 
yzed geophysical logs collected by the Integrated 
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Ocean Drilling Program (ODP) Expedition 343 
(13, 14), Japan Trench Fast Drilling Project (JEFAST), 
at site C0019 (Fig. 1, A and B), located ~93 km 
seaward from the epicenter of the mainshock and 
~6 km landward of the trench axis. At this location, 
three boreholes successfully penetrated the inter- 
face between the subducting Pacific Plate and 
the overriding North American Plate. The bore- 
holes enabled geophysical logging, core sampling, 
and long-term temperature monitoring (/5). 

The JFAST borehole C0019B reached ~850 m 
below sea floor (mbsf) in a water depth of 6890 m 
and was used mainly to collect geophysical log- 
ging data. From borehole wall resistivity images, 
we observed clear borehole breakouts (/6) in the 
depth range of ~44 to 813 mbsf (Fig. 2C). These 
drilling-induced compressive failures are reliable 
indicators of the orientations of current maximum 
and minimum horizontal stresses (Syimax 20d Shin, 
respectively) and can be used to constrain stress 
magnitudes (/7). CO019B penetrated through the 
plate-interface fault around 820 mbsf, the prob- 
able principal slip zone of the 2011 earthquake; 


Fig. 1. (A) Location of 141° 142° 


JFAST site C0019 and Stimax 
orientation in the deep part 
of the borehole. Red solid 
and dashed lines show the 
mean Simax Orientation and 
1 SD, respectively. Green 
circles and lines show Ocean 
Drilling Program sites drilled 
in 1999 and their Stimax ori- 
entations before the 2011 
earthquake (25). The red 
star denotes the epicenter of 
the 2011 earthquake main- 
shock. Yellow (31), black 


no breakouts are observed below the fault (/5). 
Above the plate interface, a Pleistocene accre- 
tionary prism consists of hemipelagic deposits 
lacking resolvable structural features on seismic 
reflection data (Fig. 1B) (18-20). The frontal plate 
interface, beneath the accretionary prism, marks 
the transition to dominantly pelagic deposits. 
The Stmax azimuth and its variability differ 
markedly in the shallow and deep parts of the 
borehole (Fig. 2C). At shallow depths of ~44 
to 197 mbsf within slope facies [unit I, derived 
mean porosity from logging-while-drilling resis- 
tivity and its standard deviation (SD) of ~62 + 6% 
(15)], the Stimax Varies from approximately paral- 
lel to the convergence direction to perpendicular 
(~100 mbsf) and back toward parallel again 
(~140 mbsf) (Fig. 2C). This suggests the pres- 
ence of a discontinuity such as a fault, which is 
supported by changes in bedding dips and con- 
ductive peaks in the resistivity log (Fig. 2B). In 
the upper half of the wedge sediments from 197 to 
537 mbsf [unit Ha, porosity of ~51 + 3% (/5)], the 
Stumax azimuth is highly variable. Such diverse 


breakout orientations have not previously been 
recognized at subduction and thrust-fault zones 
such as the Nankai Trough (2/—24), the Japan 
Trench margin before the 2011 earthquake (25), 
Costa Rica (26), and the Taiwan Chelungpu Fault 
(27, 28). Our observations suggest that Symax and 
Shmin are close in magnitude, so that localized 
stress perturbations such as faults or topographic 
effects can be responsible for the scattered distri- 
bution. Correlation of the depth intervals, defined 
on the basis of Stmax azimuth distributions, and 
of the logging units, primarily defined by natural 
gamma-ray intensity, suggests some possible lith- 
ological influence on Symax distributions (Fig. 2). 

At the greater depths of ~537 to 813 mbsf 
{unit IIb, porosity of ~45 + 3% (/5)] within the 
accretionary prism and above the plate boundary, 
the Symax azimuth has a clear preferred orienta- 
tion in a northwest-to-southeast direction (319 + 
23°) (Fig. 2C). This stress orientation is consist- 
ent with the plate convergence direction of 292° 
(29) and also roughly consistent with stress ori- 
entations determined at sites 1150 and 1151 (drilled 
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in 1999 before the 2011 earthquake) (Fig. 1A) 
(25). In a similar study of the Chelungpu fault 
that ruptured during the 1999 Chichi, Taiwan earth- 
quake (M,, 7.6, thrust focal mechanism), two 
boreholes that penetrated the fault were drilled 
about 5 years after the earthquake. Observations 
of borehole breakouts after this incident indicate 
that the Symax azimuth orientation changed by 
90° in the vicinity of the fault (27, 28). Although 
a similar change in stress directions was not ob- 
served across the plate interface at ~820 mbsf 
in the JFAST hole, the analysis described below 
shows a large change in the stress state before and 
after the earthquake. The absence of breakouts 
below ~820 mbsf may be indicative of a change 
in stress state across the plate interface (Fig. 2). 
The magnitudes of Symax and Spmin are con- 
strained from observed widths of breakouts (WOBs) 
and measured unconfined compressive strengths 
(UCSs) for two depth intervals around 720 and 
812 mbsf, where both the WOBs and UCSs 
could be measured (/6). We assume Andersonian 
stress states and a vertical stress Sy calculated 
from a sediment density profile derived from the 
logging data (/5): The values of Sy; Sumax, and 
Shmin at 720 mbsf are approximately the maxi- 
mum, intermediate, and minimum principal stresses 
(61, 62, and 63), respectively. At 812 mbsf, how- 
ever, there is some uncertainty if Symax 1S neces- 
sarily less than Sy; the constrained stress state is 


GR (gAPI) Res (Qm) 


Sumax azimuth (°) 


close to the boundary of the normal faulting and 
strike-slip faulting regimes. Overall, these results 
indicate that the postearthquake stress states in 
the frontal prism are either in or close to the nor- 
mal faulting stress regime (Fig. 2E). 

Assuming that Sy, Suymax, 2nd Spmin are the 
three principal stresses, the current shear stress on 
a plane at 812 mbsf parallel with the plate inter- 
face at ~820 mbsf (for thrust motion in the con- 
vergence direction) can be calculated from Sy, 
Stmax, and the dip of the interface (~5°). Using 
the greatest estimated value of Symax (87 MPa), 
the shear stress on the plane at 812 mbsf after 
the earthquake is very small, less than ~0.3 MPa; 
the shear stress on the nearby plate interface can 
be inferred to be similar. In addition, we infer that 
decreases of Stimaxs Shmin, and the mean stress of 
three principal stresses above the ~820-mbsf plate 
interface are around 2, 1, and 1 MPa, respectively, 
on the basis of Andersonian stress states before 
and after the earthquake, coseismic slip distribu- 
tion near the trench, and elastic elongation of 
the frontal prism during the earthquake (/6). 

Unconfined compressive strengths of rocks in 
the range of ~800 to 820 mbsf (the bottom of unit 
IIb) are higher than those in the 821- to 836-mbsf 
range (unit III, sheared brown claystone) (/6). 
Thus, the presence of breakouts in the stronger 
interval above the interface (and not in the weak- 
er interval below the interface) is noteworthy. In 
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Fig. 2. (A) Natural gamma-ray (GR) intensity (gAPI, a standard gamma-ray unit calibrated at the 
American Petroleum Institute) and (B) resistivity (Res). (C) Sumax azimuth determined from breakouts (red 
dots). Blue solid and dashed lines show the mean and SD, respectively, of SHmax azimuth in the deep part 
of the borehole (mean + SD: 139 + 23° or 319 + 23°). (D) Widths of breakouts (WOB) (red circles) and 
their mean and SD in various units (blue solid circles and bars). Horizontal lines through (A) to (D) show 
the boundaries of the lithological units primarily defined by natural gamma-ray intensity (15). (E) 
Hydrostatic pressure and stress magnitudes [Sy (black) was calculated from density; SHmax (red) and Shmin 
(blue) were constrained from breakout widths and rock strengths]. Thick black bars on the y axis show the 
depth range from where breakout data and UCSs constrained stress magnitude. 


REPORTS 


general, for horizontal stresses of similar magni- 
tude, breakouts occur more easily or are wider in 
weaker rock. Therefore, we believe that the hori- 
zontal stress (especially Symax) Just below the in- 
terface (unit III) is lower than that above the 
interface (the bottom of unit IIb). Namely, the 
magnitude of horizontal stress appears to abrupt- 
ly change across the 820-mbsf fault. 

The frontal portion of the accretionary wedge 
is considered to have been under trench-normal 
compression before the earthquake, on the basis 
of the orientations of minor faults and bedding 
observed in the logging data and in core samples. 
The faults and bedding are variable in dip mag- 
nitude, but faults at depths greater than ~690 mbsf 
display predominantly reverse shear sense. Bed- 
ding at all depths in the prism shows a preferred 
northeast strike direction reflecting horizontal con- 
traction and local extension at shallower depths, 
approximately parallel to the plate convergence 
direction (/5). These observations show that the 
overall structure in the hanging wall of the frontal 
interface is characterized as folding and thrusting. 
Also, a comparison of seismic reflection data be- 
fore and after the Tohoku-Oki earthquake, from 
just 15 km north of the JFAST drill site (the orange 
rectangle in Fig. 1A), reveals that deformation at 
the trench axis formed as a result of compression 
during coseismic slip on the shallow plate inter- 
face (6). Therefore, we conclude that the stress 
state in the frontal prism has changed from a thrust 
faulting regime before the earthquake to the present 
normal faulting, or near-normal faulting regime. 
The present Stimax 1S approximately parallel to the 
plate convergence direction and is inferred to have 
changed from the maximum to intermediate prin- 
cipal stress (Fig. 1C) due to the nearly complete 
shear-stress drop. Most earthquakes are thought 
to have partial stress drops, but the results of this 
study and other indirect measurements or model- 
ing (2, 7, 8, 30) suggest that the change in the 
stress state associated with the very large slip in 
this region is an indication of coseismic fault weak- 
ening and a nearly total stress drop for the Tohoku- 
Oki earthquake. This finding is consistent with 
increased coseismic displacement of the sea floor 
toward the trench axis, as observed in changes 
of bathymetric data and rupture models obtained 
from the inversion of seismic, geodetic, and tsu- 
nami data (Fig. 1A) (/, 3, 5, 3/-33). 
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The retinoic acid—inducible gene | (RIG-I)—like receptor (RLR) melanoma differentiation—associated 
protein 5 (MDA5) senses cytoplasmic viral RNA and activates antiviral innate immunity. To 
reveal how paramyxoviruses counteract this response, we determined the crystal structure of 

the MDA5 adenosine 5’-triphosphate (ATP)—hydrolysis domain in complex with the viral inhibitor 
V protein. The V protein unfolded the ATP-hydrolysis domain of MDAS5 via a B-hairpin motif and 
recognized a structural motif of MDA5 that is normally buried in the conserved helicase fold. 
This leads to disruption of the MDA5 ATP-hydrolysis site and prevention of RNA-bound MDA5 
filament formation. The structure explains why V proteins inactivate MDA5, but not RIG-I, and 
mutating only two amino acids in RIG-I induces robust V protein binding. Our results suggest 

an inhibition mechanism of RLR signalosome formation by unfolding of receptor and inhibitor. 


IG--like receptors (RLRs) play a central 
R= in the recognition of viral nucleic 
acids by the innate immune system (/—3). 
RLRs comprise the three family members reti- 


noic acid—inducible gene I (RIG-I), melanoma 
differentiation—associated protein 5 (MDAS5), and 
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laboratory of genetics and physiology 2 (LGP2). 
RIG-I and MDAS differentially sense a broad 
range of viruses (4), and their domain structure 
consists of N-terminal tandem caspase activation 
and recruitment domains (CARDs), a superfam- 
ily 2 (SF2) adenosine triphosphatase (ATPase), 
and a C-terminal RNA binding domain (RD). 
LGP2 lacks CARDs, and its functions remain 
unclear (5, 6). RIG-I is activated by pathogen- 
associated nucleic acid patterns such as 5’- 
triphosphate—containing and double-stranded 
RNA, whereas MDAS responds to longer or more 
complex double-stranded RNA (dsRNA) net- 
works (7—/2). RNA sensing unmasks the CARDs 
in RIG-I (2, 13-15), leading to downstream sig- 
naling in a process that involves K63 ubiquitin 


chains and polymerization of the mitochondrial 
antiviral-signaling protein MAVS (/6—/8). 

Viruses have evolved diverse means to evade 
innate immune signaling and the antiviral inter- 
feron response (/9). Paramyxovituses (e.g., mea- 
sles, parainfluenza, Sendai and Nipah viruses) 
synthesize V proteins, which enhance pathoge- 
nicity and limit interferon production by targeting 
MDAS and LGP2, but not RIG-I (20-22). V 
proteins share the N-terminal domain (NTD) 
with viral P proteins but contain a distinct, highly 
conserved C-terminal domain (CTD). The CTD 
binds the SF2 domain of MDAS and is necessary 
and sufficient for inhibiting ATPase activity and 
cellular aggregation of MDAS (20-23). 

To understand a structural mechanism by 
which a viral inhibitor targets an RLR signaling 
component, we crystallized and determined the 
2.3 A resolution crystal structure of a complex 
between parainfluenza virus 5 (PIV5) V protein 
and the SF2 domain of porcine MDAS (Sus 
scrofa ssSMDAS) (Fig. 1, fig. S1, and table S1). 
We obtained crystals of a copurified complex of 
ssMDAS SF2 (residues 546 to 808) and PIVS V 
protein (residues 168 to 219) only after adding 
trace amounts of trypsin. This treatment cleaved 
away several flexible parts due to partial unfold- 
ing (see below) that had hampered crystallization 
despite extensive trials with different V proteins 
and MDAS species and constructs. 

Our structure represents the evolutionarily 
conserved, necessary, and sufficient core of the 
MDAS:V protein complex (2/—24). It comprises 
domains 2A and 2B of the MDAS SF2 domain 
and the PIVS CTD in a 1:1 complex (Fig. 1 and 
fig. S1). Of particular importance is domain 2A, 
which together with 1A (not present in our struc- 
ture) forms the ATP binding site and together 
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Fig. 1. The ssMDA5:PIV5 V complex. (A and B) Structure of 
the ssMDA5:PIV5 V core complex in ribbon representation 
with annotated secondary structures. The helical insertion 
domain 2B of ssMDAS is shown in blue and the superfamily 
2 (SF2) ATPase domain 2A in yellow. The CTD of PIV5 V 
protein is shown in red with Zn* ions in gray. PIVS V 
protein and MDAS form a 1:1 complex through interaction 
of core secondary-structure elements. 
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Fig. 2. Structural details and analysis of the interaction 
interface. (A) Close-up views of the intermolecular ssMDA5“": 
PIV5 VS" and the intramolecular PIVS VN"?:v“ inter- 
actions (indicated by dashed lines). Domain 2A and the 
NTD are shown in yellow, the CTD is shown in purple. (B) 
Structure-based alignments of the interface sequences of 
selected RIG-I-like receptors (left) and paramyxoviral V 
proteins (right) with highlighted conserved residues and mo- 
tifs. Stars indicate residues involved in interface interactions; 
nonfilled stars indicate residues mutated in this study. Spe- 
cies abbreviations are as follows: Ap, Anas platyrhynchos; 
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breviations for the amino acid residues are as follows: A, Ala; C, Cys; D, Asp; E, 
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Arg; S, Ser; T, Thr; V, Val; W, Trp; and Y, Tyr. (C) Western-blot analysis of 
coimmunoprecipitation experiments (Co-IP) performed with flag-tagged 


hsMDAS or hsRIG-I and MV V protein (n = 3). EV, empty vector. Left: Muta- 
tions affecting the salt-bridge formation between the conserved glutamate of 
V protein and arginine of MDAS. Right: Mutation of RIG-I to mimic the critical 
MDAS arginine. (D) Comparison of RIG-I*“ (PDB code: 3TBK), MDA5”":PIVS 
v._and full-length PIVS V (PDB code: 2HYE). 
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with 1A and 2B forms the RNA binding site of 
RLRs (13-15, 25). 

MDAS domain 2A had the “RecA-like fold” 
typical of ATPases, which harbored a central B 
sheet with parallel strands in the order B3-B4-B2- 
65-81-86. To our surprise, although strands B3- 
B4-B2-B5 formed the expected sheet, B1, 86, and 
the ATPase motif VI between B5 and B6 were 
missing, despite being highly conserved in MDAS. 
Instead, we found the CTD at the expected po- 
sition of B1 and B6 (Fig. 1 and fig. SIC). The 
CTD contained a small core with two zinc ions 
that stabilize a large protruding B hairpin as well 
as a flanking, protruding loop. The B hairpin of 
the CTD formed a continuous B sheet with do- 
main 2A in the order BaP -BaMpss.poMDa>. 
BSMDAS_B1°TD_B9CTP while the loop occupied 
the usual position of motif VI in SF2 domain— 
containing enzymes. Thus, our data imply that V 
protein unfolds the core B sheet of MDAS and dis- 
rupts its ATPase domain by displacing motif VI. 

We found three particularly noteworthy con- 
tacts between the V protein CTD and the SF2 


Fig. 3. Impact of V protein 
on the ATPase- and the RNA- 
binding activity of MDAS. (A) 
The ATPase activity of hsACARD- 
MDAS (100 nM final) in re- 
sponse to MV V protein. Data 
represent the mean ATPase 
activity (ESEM) determined by 
analyzing the initial linear 
slopes of the ATPase reactions 
(n = 3). (B) RNA-binding af- 
finities analyzed by electro- 
phoretic mobility—shift assays 
of mmMDAS in the presence 
and absence of PIV5 V protein 
(n = 3). The accumulation of 
a faster-migrating species is 
marked by a star. (C) mmMDA5 
filament formation on poly(l:Q), 
visualized by negative-stain 
EM in the presence and ab- 
sence of ATP and PIV5 V pro- 
tein. (D) Proposed model for 
inhibition of MDA5 signaling 
assemblies by paramyxoviral 
V proteins (29, 30). dsRNA- 
bound MDAS filaments might 
interact with MAVS and in- 
duce the formation of MAVS 
fibrils postulated to be active 
signal entities (17). V pro- 
teins disrupt the MDA5-SF2 
architecture by a B-strand— 
replacement mechanism accom- 
panied by double-unfolding 
of both V protein and MDAS, 
resulting in disruption of 
MDAS:dsRNA filaments and 
hence of signal transmission 
of the antiviral response. The 
structure and interactions of 
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domain of ssMDAS (Fig. 2A). First, the B sheet 
formed between B5MP“° and B1°TP mediated the 
central part of the interaction and extended over 
four residues from MDAS and four residues from 
CTD. Second, two contacts at the base and tip of 
the hairpin provided sequence-specific interactions 
with MDAS. E174" formed hydrogen bonds and 
ion-pair interactions with R803“™°, whereas 
W179" at the tip of the B hairpin inserted like a 
hook into a cavity between domains 2A and B of 
MDAS and stacked to G805“? at the tip of 
65. Additional interactions were formed between 
the loop of V protein and MDAS and altogether, 
the CTD bound to domain 2A via a 1154 A? large 
and highly complementary interface. Notably, 
R803SMPAS GEOSSMPA> W179"), and E174" 
were highly conserved among MDAS and V 
proteins, respectively (Fig. 2B). Furthermore, 
LGP2 proteins had arginine and glycine at po- 
sitions of R803°™"5 and G805°“>“>, whereas 
RIG-I proteins had leucine instead of arginine 
and glutamate instead of glycine. Hence, RIG-I 
proteins cannot form the conserved salt bridge to 
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E174"'Y° and sterically hinder W179"Y°. Thus, 
our structural results explained why V proteins 
can bind to MDAS and LGP2 but not to RIG-I 
(21, 22, 26). 

To test the importance of the observed inter- 
actions and validate the structure, we mutated 
MDAS and V protein and tested complex forma- 
tion by coimmunoprecipitations (co-IPs) of human 
MDAS (Homo sapiens hsMDAS) and measles 
virus (MV) V protein coexpressed in human em- 
bryonic kidney—293T (HEK-293T) cells (Fig. 2C) 
and by gel filtration of purified murine MDA5 
(Mus musculus mmMDAS) and PIVS V protein 
in vitro (fig. S2A). Mutating R806™™™?”*> (equiv- 
alent to R803°™>) to leucine (as seen in RIG-I) 
abolished PIVS V protein binding in gel filtration 
and reduced the interaction between hsMDA5 
and MV V protein in co-IPs. Likewise, mutating 
E235™Y (equivalent to E174?!Y°) to alanine 
strongly reduced binding to hsMDAS in co-IPs. 
A similar substitution with alanine in E174?'Y° 
also reduced the interaction with mmMDAS in 
vitro. These data demonstrated the importance of 


first incubation with dsRNA 
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both sides of the salt bridge and validated the 
interaction with proteins of four different species. 
Previous mutational analysis conducted on the 
basis of sequence conservation is also fully com- 
patible with the crystal structure and highlighted 
the importance of residues in 61°"? in inactivat- 
ing MDAS in living cells (24, 27). Finally, mu- 
tating the conserved salt bridge in the MDAS5:V 
protein interface reduced the ability of MV V 
protein to inhibit activation of the interferon-B 
promoter via hsMDAS signaling in living cells 
(fig. S3). 

The sequence and structural similarity to RIG-I 
(Fig. 2B and fig. S1C) suggested that R803, B1, 
and B6 of MDAS5 domain 2A were mostly buried 
between motif VI and the helical arm that con- 
nects domains 2A and 1A in RIG-I (Fig. 2D). To 
further validate the importance of R803, we 
mutated the equivalent residue L714°S"'S" (or 
the equivalent L715™™*'S") to arginine and 
analyzed the interaction of the mutated RIG-I 
with MV or PIVS V protein (Fig. 2C and fig. 
S2B). We also analyzed the double mutants 
L714R,E716G™2S" (or L715R,E717G™ 2S} 
to account for the likely clash between W179"'Y° 
and the glutamate that RIG-I has instead of the 
glycine found in MDAS. A single L714°"'S? GR 
mutation induced binding of V protein to hsRIG-I 
in co-IPs (Fig. 2C). Introduction of a second 
mutation in mmRIG-I (L715R,E717G7™™S) 
led to interaction with PIVS V protein that was 
stable in gel filtration (fig. S2B), and L714R, 
E716G?S*'C was as efficiently coimmunopre- 
cipitated with MV V protein as MDAS (Fig. 2C). 
Thus, we conclude that our model describes the 
recognition of MDAS by V proteins sufficient- 
ly well that we can engineer robust binding by 
V proteins into RIG-I by exchanging only two 
amino acids. 

Some V proteins also target host signal trans- 
ducer and activator of transcription (STAT) pro- 
teins to the DDB1-Cul4A ubiquitin ligase complex 
for proteasomal degradation to disrupt interferon 
signaling (28). PIVS V protein bound to DDB1 
[Protein Data Bank (PDB) code: 2HYE] is a 
globular protein with a central B sheet (29) (Fig. 
2D). The B hairpin of the CTD in this complex 
was surrounded by the NTD and did not par- 
ticipate in DDB1 binding (Fig. 2D). Thus, not 
only was the interaction of V protein with MDA5 
fundamentally different from its interaction with 
DDBI1, but V protein also must undergo a large 
structural change to expose the B hairpin for bind- 
ing to MDAS (Fig. 2A). The NTD contains an 
arginine (R143"'Y) that binds to E174°'Y> and 
structurally “mimics” R803“?4° (Fig. 2A). 
We used R143”!Y° to further validate our struc- 
tural results. If the NTD is only a cocoon before 
B-hairpin liberation, mutating R143"!Y° should 
not affect complex formation of V protein with 
MDAS. Consistently, we found that R143AY° 
formed a highly stable complex with mmMDAS5 
(fig. S2A). These data support a “spring blade” 
model for V protein. In the absence of MDAS, 
the B hairpin is bound by the NTD. In the pres- 


ence of MDAS, the B hairpin unfolds and dis- 
rupts the ATPase domain of MDAS, whereas 
the NTD might adopt the unfolded conforma- 
tion seen in P protein (30). In agreement with 
this, we also observed an increase in the maxi- 
mum particle size (Dax) and intramolecular dis- 
tances of MDAS in the presence of the PIVS V 
protein in small-angle x-ray scattering experi- 
ments. This increase is in good agreement with 
the structural data, because V protein wedged 
between domains 1 and 2 of MDAS and likely 
increased flexibility between domains | and 2 
and expanded the MDAS fold (figs. S4 and $5). 
Taken together, inhibition of MDAS by V pro- 
teins involves unfolding of both the receptor and 
the inhibitor. 

Consistent with the unfolding mechanism, 
MDAS and LGP2 bound by coexpressed V pro- 
teins lacked or had reduced ATPase activity (2/), 
and titrating purified MV V protein into a solution 
containing purified hsACARD-MDAS, poly(1:C), 
and ATP progressively inactivated MDA5’s ATPase 
activity (Fig. 3A). In addition, we noticed substan- 
tial changes in the way MDAS bound RNA in 
the presence of PIVS V protein (Fig. 3B and fig. 
S6A). In the absence of V protein, mmMDAS 
shifted 24-base pair (bp) RNA predominantly to 
a single species, with a slight amount of a faster- 
migrating species at low MDAS concentrations. 
V protein strongly increased the amount of faster- 
migrating species at low MDAS concentrations. 
A plausible explanation is that V protein prevents 
cooperative binding of MDAS to dsRNA (37, 32) 
by disrupting the SF2 domain architecture, but still 
allows noncooperative binding of MDAS5 via RD 
(fig. S6B). Consistently, it has been observed that 
V protein reduces the size of MDAS-containing 
oligomers in cells (23). 

To directly determine whether binding of V 
protein prevents the cooperative assembly of 
MDAS on dsRNA into filaments that are postu- 
lated as signaling entities (37, 32), we visualized 
mmMDAS and mmMDAS:PIVS V protein com- 
plexes in the presence of poly(I:C) (a synthet- 
ic analog of dsRNA) with or without ATP by 
negative-stain electron microscopy (EM) (Fig. 
3C and fig. S7). In the absence of V protein, 
mmMDAS robustly formed filaments on poly(I:C), 
as observed previously (3/7, 32). Addition of V 
protein drastically reduced the number of fila- 
ments both in the presence and absence of ATP. 
These data suggest that unfolding of MDAS by V 
protein also prevents formation of RNA-bound 
signaling oligomers (Fig. 3D)—for instance, by 
disrupting SF2-SF2 or SF2-RD contacts between 
filament protomers (33). 
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of Cellular LxxLL Motifs by 
Papillomavirus E6 Oncoproteins 
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E6 viral oncoproteins are key players in epithelial tumors induced by papillomaviruses in vertebrates, 
including cervical cancer in humans. E6 proteins target many host proteins by specifically interacting 
with acidic LxxLL motifs. We solved the crystal structures of bovine (BPV1) and human (HPV16) 
papillomavirus E6 proteins bound to LxxLL peptides from the focal adhesion protein paxillin and 
the ubiquitin ligase E6AP, respectively. In both E6 proteins, two zinc domains and a linker helix 
form a basic-hydrophobic pocket, which captures helical LxxLL motifs in a way compatible with 
other interaction modes. Mutational inactivation of the LxxLL binding pocket disrupts the oncogenic 
activities of both E6 proteins. This work reveals the structural basis of both the multifunctionality 


and the oncogenicity of E6 proteins. 


vertebrates. More than 200 PV types have 
been identified (/), among which a subset 


Pp apillomaviruses (PV) infect the epithelia of 


BPV1 E6/paxillin 


A F6C 


is tumorigenic. Cervical cancers are caused by 
“high-risk” mucosal human PVs (hrm-HPVs), of 
which HPV16 is the most prevalent and best 


paxillin 


Fig. 1. X-ray structures of E6/LxxLL complexes. (A) The structure of BPV1 E6 
bound to residues 1 to 10 of paxillin (left) and that of HPV16 E6 bound to 
residues 403 to 414 of E6AP (right). Blue indicates E6N; gray, linker helix; gold, 
E6C; and cyan or green, LxxLL peptides. (B) The hydrophobic pocket (pink) 


studied type (2), whereas some skin cancers have 
been associated with “high-risk” cutaneous HPVs 
(3). Bovine papillomavirus 1 (BPV1) also induces 
tumors in its natural host (cattle) and in horses (4). 

PV carcinogenesis is primarily linked to two 
PV oncoproteins, E6 and E7. Hrm-HPV E6 recruits 
the ubiquitin ligase E6AP (5) and tumor suppressor 
p53, leading to ubiquitin-mediated degradation of 
p53 (6). E6 also interacts with many other cellular 
proteins related to cancer pathways (7, 8). Mucosal 
and cutaneous HPV E6 oncoproteins recognize 
some of their target proteins, including E6AP, in- 
terferon regulatory factor—3 (IRF-3) (9), and the 
notch co-activator MAML1 (8, /0, 17) through 
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responsible for LxxLL motif recognition in BPV1 E6 (left) and HPV16 E6 (right). 
These structures show helical LxxLL peptides inserted in a deep pocket formed by 
the two domains, unlike other cellular domains (FAT, CH, and LBD) interacting 
through shallow surfaces with the cognate LxxLL peptides (fig. S5B). 
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acidic leucine (L)-1ich motifs containing the LxxLL 
consensus sequence (where x indicates any amino 
acid) (J2, 13). BPV1 E6 recognizes a particular 
subclass of acidic LxxLL sequences termed LD 
motifs, which mediate protein-protein interactions 
regulating cell motility, cell adhesion, and gene 
expression (/4). BPV1 E6 recognizes several LD 
motifs of the focal adhesion protein paxillin, and 
this interaction is required for cellular transforma- 
tion (15—/7). Despite their small size (about 150 
residues), E6 proteins combine multiple interac- 
tion sites. For instance, hrm-HPV E6 interacts not 
only with LxxLL motifs but also with PDZ do- 
mains involved in cell polarity and adhesion (/8) 
and possesses a self-association interface required 
for the p53 degradation activity (/9). 
Mammalian PV E6 proteins are cysteine-rich 
proteins consisting of two zinc-binding domains 


BPV1 E6/paxillin 


4 


Aa 1 
Y Ras], 


R21) *, 


Ws: 


Lam 


named E6N and E6C. Whereas structures of iso- 
lated E6N and E6C domains have been deter- 
mined (/9, 20), full-length E6 proteins undergo 
self-oligomerization (2/), which has precluded 
structural analysis. 

To circumvent this problem, we applied two 
solubilizing strategies to the BPV1 and the 
HPV16 E6 proteins (22). For BPV1 E6, we fused 
a crystallization-prone mutant of the bacterial 
maltose binding protein (MBP) to an E6-binding 
LxxLL sequence present in the paxillin LD1 motif 
that is known to solubilize E6 (23) and then to 
the BPV1 E6 protein (fig. SIA). The resulting 
MBP-LxxLL-E6 triple fusion protein was puri- 
fied as a soluble monomer and yielded crystals 
that diffracted at a resolution better than 2.3 A 
(table S1). For HPV16 E6, we purified the mono- 
meric E6 F47R 4C/4S (24) mutant that combines 


REPORTS [ 


the F‘’—R*’ (F47R) mutation disrupting E6N 
dimerization and four mutations at nonconserved 
cysteines preventing disulfide-mediated aggrega- 
tion (19). Purified E6 F47R 4C/4S was mixed 
with equimolar amounts of an MBP-LxxLL fu- 
sion containing the E6-binding LxxLL sequence 
of E6AP (fig. S1B). The complex yielded crys- 
tals that diffracted at a resolution better than 2.6 A 
(table S1). Both structures were solved by mo- 
lecular replacement using the known structure 
of MBP as a template (Fig. 1 and fig. $2). 

The overall structures of the two E6/LxxLL 
complexes are very similar (fig. S3A) despite 
low sequence identity (30%), suggesting that 
crystallization-promoting strategies did not in- 
troduce artifacts. Indeed, MBP is differently po- 
sitioned relative to E6 in the two crystals (fig. 
82), and the five solubilizing mutations of E6 


HPV16 E6/E6AP 


B C57 e vee 
a v53 
wes v40 c87 = = = = 
= = = 38] = [R229] = = [R55] 5a) = Risa = (Riaq] 
= = = 2 = i ; = = ee S ji 
= = = | | 7 eee ee = = : = : = 
= | = = | 1 E EL, Bt, o& B L, be G Ey By Ru 
M, D, D, L, D, A, L, ag A, Dio ¢ = = i¢ = 
= | = @ = = ou = | = 
= = i os R77/[s74 R55] = = Rit R1i0q) = 
= =Rizi] = = [Risa = S 
: =, Ley ay a 
Lis W19 L 
w19 F37 ¥70 
v40 v40 g107 
A49 
L54 


Fig. 2. Networks of E6/LxxLL peptide interactions. (A) Polar interactions 
between BPV1 E6 and paxillin. Red spheres, water molecules; black dashed 
lines, interactions mediated by keystone R®- blue or orange dashed lines, 
intermolecular interactions mediated by E6N or E6C arginines, respective- 
ly; and dotted lines, other polar interactions. (B) All contacts between BPV1 
E6 and paxillin. Pink dashed lines, hydrophobic contacts; black lines, polar 
contacts mediated by side chain (continuous lines) or main chain (dotted 


lines); and pink or blue boxed residues, E6 hydrophobic or polar contrib- 
utors, respectively. E6 polar residues displaying favorable van der Waals 
terms (energy change < —1 kcal/mol, fig. S6A) are included as hydro- 
phobic contributors. (C) Polar interactions between HPV16 E6 and E6AP. (D) 
All contacts between HPV16 E6 and E6AP. R??-E* (dashed gray line) is 
revealed by MD simulations (fig. $7). Note that the polar contacts of E6AP 
E1 are substituted by hydrophobic contacts for paxillin M1 (fig. $7C). 
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F47R 4C/4S are distal from the E6-peptide in- 
terface (fig. S3C). 

In both LxxLL-bound E6 proteins, the two 
zinc-binding domains are joined by a linker helix 
(Fig. 1 and fig. S4). Although the BPV1 and 
HPV16 E6C domains have a similar fold, the two 
E6N domains have structurally resolved regions 
that are essentially superposable but differ in their 
N-terminal regions (fig. S3B and S4). E6 sequence 
alignments (fig. S9) show that BPV E6N lacks 
an N-terminal extension found in HPV EON. In 
addition, the first 10 residues of BPV1 E6N are 
not visible in the electron density map. 

The E6-bound LxxLL motifs of both paxil- 
lin (M'D*D?*L*D°ASL’L8A°D'°) and E6AP 
(E'V-PLAQPE’L’L3GPE"E''R'*) (24) adopt a 
a-helical conformation from residues one to eight 
(Figs. 1 and 2). Both motifs are inserted within a 
deep pocket formed by the two zinc-binding domains 
and the linker helix of E6 (Fig. 1, A and B). By 
contrast, previously solved complexes of cellular 
FAT, CH, and LBD domains bound to LxxLL mo- 
tifs (25-27) all showed the helical motif interact- 
ing with a shallow surface of the domain (fig. SSA). 


The three leucine residues (L*, L’, and L*) 
of the motif are accommodated within a hydro- 
phobic cavity mostly contributed by the E6N 
domain and linker helix (Figs. 1B and 2, B and 
D, and fig. S9). Point mutations altering hydro- 
phobic residues of the cavity (i.e., F37S and L58S 
in BPV1 E6, and LS50E in HPV16 E6) decrease 
both LxxLL peptide binding and E6 transfor- 
mation (BPV1 E6/paxillin) or p53 degradation 
(HPV16 E6/E6AP) activities (Fig. 3 and fig. S8A). 

Surrounding the hydrophobic cavity, a pos- 
itively charged surface (fig. SSB), favorable to 
the acidic moieties of the peptide, includes a 
number of arginine residues that play specific 
roles in the architecture of the complex. The 
side chain of a strictly conserved arginine (R*° 
in BPV1 and R!” in HPV16) holds together, like 
a keystone, the E6C domain, the E6N domain 
and the peptide by interacting with L* of the 
peptide and with main chain atoms at the C 
termini of both E6N a1 helix and the peptide’s 
helix (Fig. 2). Adjacent to R®’ and R'”, BPV1 
R™! and HPV16 R™! provide structurally equiva- 
lent contacts to backbone and side-chain moieties 
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of the peptide (Fig. 2). Free-energy decomposi- 
tion analysis (28) coupled to prior molecular 
dynamics (MD) simulations of the complexes re- 
vealed favorable van der Waals terms for BPV1 
E6 R® and R'*! and for HPV16 E6 R'” and 
R?! (fig. S6) that are consistent with their mul- 
tiple interactions at the complex interface. Muta- 
genesis of all these arginine residues markedly 
decreased peptide binding and biological activi- 
ties of the two E6 proteins (Fig. 3 and fig. S8). 
A number of peripheral E6 arginine side 
chains selectively clamp acidic and/or polar side 
chains of the LxxLL peptide (Fig. 2). In BPV1 
E6, R® and R!!° interact with D*® and D® , Tespec- 
tively (Fig. 2A). In HPV16 E6, R* (equivalent 
to BPV1 R*) interacts with T? and E°. R'”? 
(equivalent to BPV1 R''°) displays conforma- 
tional disorder in the crystal (fig. S6A), where it 
is oriented away from the peptide toward MBP 
(Fig. 2C and fig. S7A). However, upon MD sim- 
ulation of the E6/E6AP complex devoid of MBP, 
the side chain of R'”? readily reorients to form a 
direct interaction with residue E, of the E6AP 
peptide (fig. S7, B and C). In HPV16 E6, R'° at 


HPV16 E6 mutants 


Fig. 3. LxxLL binding and 
functional activities of E6 mu- 
tants. (A) Yeast two-hybrid 
analysis of BPV1 E6 (left) and 
HPV16 E6 (right) mutants bind- 
ing to paxillin (full-length or 
LD1 peptide) and E6AP pep- 
tide, respectively. PTPN3 (tar- 
geting the PDZ binding motif) 
is included as control of HPV16 
E6 expression. (B) Precipitation 
assays of BPV1 E6 (left) and 
HPV16 E6 (right) mutants bind- 
ing to glutathione S-transferase— 
fused LxxLL peptides. The data 
(mean + SD) were normalized to 
100% for the reference protein. 
Asterisks indicate previously in- 
vestigated mutants (15, 34, 35). 
HPV16 E6 mutations were intro- 
duced in the E6 4C/4S construct. 
(© Oncogenic activities of E6 mu- 
tants. The data (mean + SD) were 
normalized to 100% for the ref- 
erence protein. (Left) Transfor- 
mation phenotypes of BPV1 E6 
mutants, quantified by using num- 
bers of anchorage-independent 
colonies. (Right) p53 degrada- 
tion activities of HPV16 E6 mu- 
tants. See also fig. S8. 
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the N terminus of E6N forms an additional ion 
bridge with E'! of the C terminus of the target 
peptide (Fig. 2, C and D). Alanine mutagenesis 
of these peripheral arginine residues had little or 
no influence on peptide binding or the tested 
biological activities, with the exception of BPV1 
R''°, whose mutation markedly decreased paxillin 
binding and cellular transformation (Fig. 3 and 
fig. S8). Indeed, the side chain of R'"° is involved 
in a network of direct or water-mediated polar 
interactions at the E6C-peptide interface and in 
cation-n stacking with the aromatic side chain 
of W® (Fig. 2A and fig. S7C). This environment 
appears to strongly stabilize the R''°-D® salt 
bridge, as confirmed by the high electrostatic 
free-energy term displayed by both R''° and D° 
(fig. S6A). 

A salient difference between the two struc- 
tures concerns the mode of recognition of the N 
terminus of the bound peptide, which is exclu- 
sively hydrophobic for paxillin and purely elec- 
trostatic for E6AP (fig. S6). Indeed, in the BPV1 
E6/paxillin complex, M' of paxillin interacts with 
a hydrophobic patch at the C terminus of the 
linker helix constituted by W® and L™ (fig. 
S7C). In HPV16 E6, E6 residues L™ and W° 
are substituted by basic residues R’’ and H’®, 
which together with R'?° form a favorable elec- 
trostatic environment for the interaction with E' 
of the E6AP peptide (Fig. 2C and fig. S7C). 

Many cellular functions are mediated by 
short linear interaction motifs (SLIMs), whose 
simple and redundant sequences constitute an 
Achille’s heel for viral attack (29). Whereas viral 


Fig. 4. Mapping HPV16 E6 functional regions. The different binding sites of 
HPV16 E6 map to distinct regions of the protein’s solvent-accessible surface. 
LxxLL binding and E6 self-association residues are colored green and blue, re- 
spectively. The position of the second E6 molecule shown in the ribbon repre- 
sentation was modeled on the basis of the geometry of the E6N homodimer 


proteins very often contain mimics of cellular 
SLIMs (29), E6 has an original fold that cap- 
tures cellular acidic LxxLL motifs. In contrast 
to cellular proteins, which recruit LxxLL motifs 
on shallow surfaces of globular helical domains 
(fig. S5), E6 captures these motifs within a bind- 
ing pocket composed of three structural modules 
(Fig. 1). LxxLL-contacting residues are located 
at equivalent positions in BPV1 and HPV16 E6 
sequences, and these positions are generally con- 
served (fig. S9), suggesting that all mammalian 
PV E6 proteins contain a LxxLL-binding pocket. 
Furthermore, BPV1 and HPV16 E6 mutants 
disrupted for LxxLL-motif binding systemat- 
ically lost transformation and degradation ac- 
tivities (Fig. 3), indicating that the conserved 
LxxLL-binding pocket is essential for the tu- 
morigenic phenotype of E6 proteins. This pocket 
thus represents a promising target for therapeutic 
drugs. 

E6 peptide-contacting residues play distinct 
roles. Hydrophobic pocket residues, as well as 
the “keystone” arginines R®’ and R'™, only es- 
tablish contacts with the invariable leucine side 
chains of the motif and/or sequence-independent 
contacts with the peptide backbone. Other E6 
residues function as “readers,” which discrimi- 
nate variations of the LxxLL motif through 
sequence-dependent contacts to variable side 
chains of the peptide. In particular, the nature of 
residues located at the C terminus of the E6 linker 
helix or at the N terminus of E6N domain may 
influence the selection of residues at the N or C 
terminus of the peptide, respectively. Conversely, 
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some reader residues may tolerate variations in 
the position of key acidic residues in the LxxLL 
motif sequence, because equivalent arginine 
residues in BPV1 E6 and HPV16 E6 can interact 
with acidic side chains belonging to different 
turns of the peptide helix (Fig. 2). Such com- 
binations of discriminative and tolerant reading 
mechanisms should allow different E6 proteins to 
capture different panels of host proteins bearing 
variations of the LxxLL motif. 

In the absence of target peptide, E6 is likely 
to adopt a different overall structure, because 
the few interactions connecting the E6N, linker 
helix, and E6C modules (fig. S10) are likely to 
be insufficient to maintain the E6 architecture 
observed in the complex structures. The propen- 
sity for self-association (2/) and the strong af- 
finity for target motifs (23, 30, 31) suggest that 
most E6 molecules preferentially exist as target- 
bound complexes in infected cells. 

The data suggest that different modes of in- 
teraction can coexist in one single molecule of 
E6. The LxxLL binding region, the PDZ domain— 
binding motif at the extreme C terminus of E6 
(32, 33), and the E6N self-association interface 
required for p53 degradation (19) do not over- 
lap when they are mapped onto the structure of 
HPV 16 E6 (Fig. 4). Solvent-accessible surfaces 
not involved in these three interactions represent 
candidate E6 regions for p53 binding. Structural 
studies of E6 in complex with multiple partners 
are now required to decipher the mechanisms of 
E6 oncogenic activities such as the degradation 
of host target proteins. 


PDZI Magil 


interface (2LJY.pdb). The C-terminal PDZ binding motif (pink) is disordered in the 
nuclear magnetic resonance structure of the isolated HPV16 E6C domain and adopts 
a B-strand conformation upon binding to the PDZ1 of Magi | (red) (2KPL.pdb). 
The relative orientation of E6 and the PDZ domain shown is arbitrary. Surfaces 
colored white are potentially available for binding to p53. See also fig. $9. 
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A Histone Mutant Reproduces the 
Phenotype Caused by Loss of 
Histone-Modifying Factor Polycomb 


Ana Raquel Pengelly,’* Omer Copur,* Herbert Jackle,” Alf Herzig,t Jiirg Miiller*+ 


Although many metazoan enzymes that add or remove specific modifications on histone 
proteins are essential transcriptional regulators, the functional significance of posttranslational 
modifications on histone proteins is not well understood. Here, we show in Drosophila that a 
point mutation in lysine 27 of histone H3 (H3-K27) fails to repress transcription of genes that 
are normally repressed by Polycomb repressive complex 2 (PRC2), the methyltransferase that 
modifies H3-K27. Moreover, differentiated H3-K27 mutant cells show homeotic transformations 
like those seen in PRC2 mutant cells. Taken together, these analyses demonstrate that H3-K27 
is the crucial physiological substrate that PRC2 modifies for Polycomb repression. 


proteins are thought to be important for 

regulating gene transcription in eukaryotes 
(J). In metazoans, this view is mainly based on 
the fact that many transcriptional regulators that 
modify histones are essential for organism viabil- 
ity. However, in animals and plants, it is not 
known whether mutation of a modified histone 
residue reproduces the phenotype caused by mu- 
tation of the modifying enzyme. Moreover, many 


P osttranslational modifications on histone 
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of these enzymes modify not only histones but 
also other proteins, which raises the possibility 
that some of these may be the physiologically 
relevant substrates (2). A key transcriptional reg- 
ulator in animals and plants is Polycomb repressive 
complex 2 (PRC2), a histone methyltransferase 
that specifically methylates H3 at lysine 27 (H3-K27) 
(3-6). PRC2 represses transcription of specific 
target genes and trimethylates H3-K27 (H3-K27me3) 
in their chromatin (3—6). To investigate the phys- 
iological role of H3-K27 modification, we ex- 
amined the phenotype of developing Drosophila 
larvae in which wild-type nucleosomes were 
replaced by H3“?’® mutant nucleosomes. 

In Drosophila, the canonical histone genes are 
located in a single cluster (HisC) that comprises 
23 repeats of the histone gene unit (His-GU) con- 
taining the four canonical core histones and link- 
er histone H1. Animals that are homozygous for 


a chromosomal deletion that removes the histone 
gene cluster (AHisC) die at the blastoderm stage, 
after exhaustion of the supply of maternally de- 
posited histones (7). A transgene cassette provid- 
ing a total of 12 copies of the wild-type His-GU 
(12xHis-GU) rescues AHisC homozygotes into 
viable adults (7). To study the phenotype of cells 
that contain H3?’® instead of wild-type H3, we 
used an analogous transgene cassette with a H3*?”* 
point mutation (12xHis-GU'?"?”8), AHisC homo- 
zygotes that carry the 12xHis-GU!*"?”8 cassette 
die toward the end of embryogenesis. Their cells 
contain a mixture of H3 and H3%?7® histones, 
because maternally supplied wild-type H3 incor- 
porated into chromatin before the blastoderm stage 
is only partially replaced by H3**”* during the 
few cell divisions that take place before the end 
of embryogenesis. To analyze cells with a more 
complete replacement of H3 by H3*?’®, we gen- 
erated clones of AHisC homozygous cells in im- 
aginal discs of AHisC heterozygotes carrying 
12xHis-GU"?*?’R (fig, S1). AHisC homozygous 
cells stop proliferation in animals lacking a res- 
cue transgene cassette (Fig. 1A) but are rescued 
into normally proliferating cells in animals carrying 
the wild-type 12x His-GU or the 12x His-GU'?*-”* 
cassette (Fig. 1A). H3-K27me3 is undetectable in 
clones of H3*?”* cells, which suggests that most 
wild-type H3 has been replaced by H3*?”® and 
that the H3.3 histone variant expressed in those 
cells is largely absent in PRC2 substrate chroma- 
tin (Fig. 1A). We investigated whether repression 
of PRC2 target genes is affected in H3*?”* mu- 
tant cells. Like clones lacking E(z), the catalytic 
subunit of PRC2, H3*?”® mutant clones also 
show misexpression of the Polycomb group target 
genes Ultrabithorax (Ubx), Abdominal-B (Abd-B), 
Sex combs reduced (Scr), and engrailed (en) in 
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Fig. 1. H3-K27R mutant cells show the same phenotypes as PRC2 mutant cells. (A) 
Wing imaginal discs with clones of AHisC homozygous cells in animals without trans- 
gene (no TG) or with 12xHis-GU or 12xHis-GU"??”* transgenes, stained with 
H3-K27me3 antibody and Hoechst (DNA). AHisC homozygous cells are marked by the 
absence of green fluorescent protein (GFP) (fig. $1), and clones were induced 96 hours 
before analysis in all cases. (B) Wing imaginal discs with clones of AHisC homozygous 
transgenics (top row) or with clones of E(z)’2? homozygous 


cells (bottom row), stained with antibodies against indicated proteins. Clone marking and induction as in (A). Ubx and Abd-B are misexpressed at high levels 
(arrowheads), Scr and En at lower levels (arrowheads); in both genotypes, not all mutant clones show misexpression (open arrowheads). Asterisk marks Scr 
expression in peripodial membrane cells in third leg disc. 


Fig. 2. Homeotic transformation of tissues formed 
by differentiated H3-K27R mutant cells. Top three 
panels show portions of abdominal segment A2 of 
adults with clones of AHisC homozygous cells in 
12xHis-GU or 12xHis-GU??”* transgenics or with 
clones of E(z)”>7 homozygous cells; in all cases, mu- 
tant cells are genetically marked with a yellow 
mutation (light pigmentation, fig. $1). AHisC 
12xHis-GU'’? *?”* mutant clones show homeotic 
transformation into more posterior body segments; 
the mutant sensory bristles (arrowheads) are finer 
and more tapered than the neighboring wild-type 
bristles in A2 and resemble bristles characteristic of 
abdominal segment A10 in wild-type animals 
(bottom). In the case of E(z), mutant bristles (arrow- 
heads) are less extensively transformed, which may 
reflect the perdurance of E(z) protein in the mutant 
cells. AHisC 12xHis-GU bristles (open arrowheads), 
shown as controls, are indistinguishable from neigh- 
boring wild-type bristles. 


imaginal wing disc cells, where these genes are 
normally repressed (Fig. 1B). Both the levels of 
misexpression and the territories in the disc where 
each of these genes is misexpressed are very 
similar in H3“°”* and E(z) mutant clones (Fig. 1B). 
H3"?’® and E(z) mutant cells both differentiate to 
form epidermal structures in adult flies. However, 
these structures show homeotic transformations. 
This is illustrated by the changed morphology of 


AHisC 
+ 
12xHisGU 


AHisC 
+ 
12xHisGU "3'27F 


JAZ 


i] 
ay, 


anal plate 


) 


A10 


wildtype 


sensory bristles generated by H3*?”* or E(z) mu- 
tant cells; bristles formed by mutant cells in an- 
terior segments (e.g., in abdominal segment A2) 
resemble the bristles that are characteristic for and 
normally only present in the most posterior body 
segment (Fig. 2). These segmental transformations 
are consistent with the observation that H3*?”* 
and £(z) mutant clones in anterior body segments 
show misexpression of posterior HOX genes. 


In summary, these results demonstrate that 
cells with H3“?’* nucleosomes reproduce the 
PRC2 mutant phenotype. This provides strong 
evidence that H3-K27 in target gene chromatin 
is the crucial substrate that PRC2 needs to meth- 
ylate for Polycomb repression in Drosophila. Fur- 
thermore, the PRC2-mimic phenotype of H3?”* 
mutant cells suggests that H3-K27 acetylation 
does not play a major role of its own but may 
function only to antagonize H3-K27 methylation 
by PRC2. The demonstration that the H3-K27 
residue has an essential function in metazoans 
emphasizes how important it is to resolve how 
PRC2 establishes, maintains, and propagates 
H3-K27 methylation and how this modification 
generates repressive chromatin. 
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53BP1 Regulates DSB Repair Using 
Rif1 to Control 5' End Resection 


Michal Zimmermann,”? Francisca Lottersberger,’ Sara B. Buonomo,? 
Agnel Sfeir,** Titia de Lange*t 


The choice between double-strand break (DSB) repair by either homology-directed repair (HDR) 
or nonhomologous end joining (NHE)) is tightly regulated. Defects in this regulation can induce 
genome instability and cancer. 53BP1 is critical for the control of DSB repair, promoting NHE], 
and inhibiting the 5’ end resection needed for HDR. Using dysfunctional telomeres and 
genome-wide DSBs, we identify Rif1 as the main factor used by 53BP1 to impair 5’ end resection. 
Rif1 inhibits resection involving CtIP, BLM, and Exo1; limits accumulation of BRCA1/BARD1 complexes 
at sites of DNA damage; and defines one of the mechanisms by which 53BP1 causes chromosomal 
abnormalities in Brca1-deficient cells. These data establish Rifl as an important contributor to the 
control of DSB repair by 53BP1. 


can influence the type of DNA repair at 


T= DNA damage response protein 53BP1 
double-strand breaks (DSBs) (/) as seen 
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Fig. 1. Rif1 recruitment A 


in immunoglobulin gene rearrangements (2—4) 
and in the fusion of telomeres rendered dysfunc- 
tional through the removal of the shelterin protein 
TRF2 (5), where 53BP1 enhances the mobility 
of damaged telomeres, thus potentially promot- 
ing the chance of telomere-telomere encounters. 
In Brceal-deficient cells, 53BP1 enhances aberrant 
nonhomologous end joining (NHEJ) events that 
create lethal radial chromosomes in response 
to poly(ADP-ribose) polymerase PARP1 inhibitors 
(PARP%) (6). In this setting, 53BP1 may favor NHEJ- 
mediated misrejoining by blocking the DSB resec- 
tion needed for homology-directed repair (HDR) 


SV40-LT TRF2F- 53BP1* B 


requires the S/TQ ATWATR no Cre 


target sites of 53BP1. (A) 
Detection of 53BP1 and Rif 
at dysfunctional telomeres 
in Cre-treated SV40 large T 
antigen (SV40-LT) immor- 
talized TRF253BP1 ~~ 
MEFs expressing 53BP1 mu- 
tant alleles [shown in (Q]. 
Indirect immunofluores- 
cence (IF) for 53BP1 and 
Rif (red) was combined with 
telomeric TTAGGG fluores- 
cence in situ hybridization 
(FISH) (green). Blue: 47,6- 
diamidino-2-phenylindole 
DNA stain. (B) Quantifica- 
tion of 53BP1 and Rif1 telo- 
mere dysfunction—induced 
foci (TIFs) (21) detected as 
in (A). Data represent means 
of three experiments +SDs 
(70 cells per experiment). 
** P< 0.05 (two-tailed 
paired Student's t test). (C) 
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(6, 7). 53BP1 was shown to impede 5’ end 
resection at dysfunctional telomeres lacking all 
shelterin proteins and, similarly, telomeres lacking 
only TRF2 show evidence of 53BP1-dependent 
protection from resection (5, 8). Based on the 
finding that an allele of 53BP1 (53BP17*“) lack- 
ing all potential ataxia telangiectasia mutated 
(ATM)YATM and Rad3-related (ATR) kinase S/TQ 
target sites did not support immunoglobulin class 
switch recombination (CSR) and failed to gener- 
ate radial chromosomes in Brcal-deficient cells 
(7), it appears that these functions of 53BP1 in- 
volve interacting partner(s) modulated by the S/TQ 
sites. One candidate 53BP1-interacting factor is 
Rifl, which localizes to DSBs and dysfunctional 
telomeres, in a manner that is dependent on ATM 
signaling (9—//). Rifl was originally identified as 
part of the telomeric complex in budding yeast 
(/2) and was recently shown to inhibit resection at 
yeast telomeres (/3, 4). In contrast, mammalian 
Rifl has no known function at functional telomeres 
but contributes to the intra-S phase checkpoint, fa- 
cilitates recovery from replication stress, and af- 
fects replication timing (J0, 15-17). 

We introduced 53BP1*** and other 53BP1 mu- 
tant alleles (7) into immortalized TRF2" S3BP1 
mouse embryo fibroblasts (MEFs) and induced 
telomere dysfunction by deletion of TRF2 (Fig. 1, 
A and B). The results showed that the S/TQ sites 
were required for the accumulation of Rifl at de- 
protected telomeres, whereas the GAR, BRCT, 
and oligomerization domains of 53BP1 were not 
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(Fig. 1, A to C, and fig. S1). The functional im- 
portance of the Rifl-53BP1 interaction was ad- 
dressed using a telomere-based assay system 
that previously uncovered the role of 53BP1 
in stimulating telomeric NHEJ and protecting 
telomere ends from 5’ resection (5, 8). Using 
TRF2/Rifl conditional double-knockout MEFs, 
we documented a significant reduction in the 
incidence and rate of telomere fusions in cells 
lacking Rifl (Fig. 2, A to C, and fig. S2A). 
This reduced NHEJ rate was not due to changes 
in cell cycle progression or diminished activa- 
tion of the ATM kinase pathway by the depro- 
tected telomeres (fig. S2, B to G). 

As 53BP1 increases the mobility of dysfunc- 
tional telomeres, we determined whether Rif] 
contributes to this aspect of 53BP1 by live-cell 
imaging of mCherry fused to the 53BP1 Tudor 
domain, which targets this marker to dysfunctional 
telomeres (fig. S2H). As expected, traces of the 
mCherry marker demonstrated that 53BP1 defi- 
ciency reduced the mobility of dysfunctional telo- 
meres (Fig. 2D). In contrast, absence of Rifl did 
not affect the mobility of the deprotected telo- 
meres. Thus, Rifl is not required for the 53BP1- 
dependent increase in the mobility of dysfunctional 
telomeres. 

We next determined whether Rifl contributes 
to the inhibition of 5’ end resection by S53BP1. 
When TRF? is deleted from cells lacking 53BP1, 
there is a 2- to 3-fold increase in the telomeric 
3’ overhang signal (5) which can be detected 
based on annealing a telomeric oligonucleotide 
to native telomeric DNA (Fig. 3). As expected, 


Fig. 2. Rifl promotes telomeric NHE] A 
without affecting telomere mobili- 
ty. (A) Metaphase chromosomes of 
Cre-treated SV40-LT immortalized 
TRF2*Rif1*’* and TRF2**Rifi"* 
MEFs showing NHE]-mediated telo- 
mere fusions detected by chromo- 
some orientation FISH. Telomeres 
synthesized by leading-end DNA 
synthesis are in red; lagging-end 
telomeres are in green. (B) Quan- 
tification of telomere fusions as de- 
termined in (A) at 96 and 120 hours 
after Cre. Data represent means of 
three independent experiments +SDs 
(>3000 telomeres per experiment). 
** P< 0.01 based on two-tailed 


TRF2"/FRif1+/* + Cre 


deletion of TRF2 resulted in the removal of 
the overhangs concomitant telomere fusion, 
whereas the overhang signal increased 3-fold 
when TRF2 was deleted from 53BP1-deficient 
cells in which telomeric NHEJ is rare and 5’ 
end resection is uninhibited (Fig. 3, A and B). 
Deletion of TRF2 from Rifl-deficient cells also 
resulted in an increase in the overhang signal 
(Fig. 3B). However, the increase was less com- 
pared to that observed in the 53BP1-deficient 
cells. Because the difference might be due to 
the lower rate of telomere fusions in the 53BP1- 
deficient setting, we generated immortalized 
TRE2""Lig4 ‘ Rifl’” cells, which, owing to the 
absence of DNA ligase IV, have the same low 
telomere fusions rates as TRF2"’ 53BP1 ‘cells 
(5). When NHEJ was blocked, the telomeric over- 
hang increase in the Rifl-deficient cells was 
the same as that which occurred in the 53BP1- 
deficient cells (Fig. 3, C and D). The increase 
in overhang signal was demonstrably due to 3’ 
terminal sequences because the signal was re- 
moved by digestion with the Escherichia coli 
3’ exonuclease Exol (fig. S3A). These data suggest 
that Rifl is the main factor acting downstream 
of 53BP1 to inhibit the resection at telomeres 
that lack TRF2 protection. 

At telomeres that are deprived of both TRF1 
and TRF2 and therefore lack all shelterin pro- 
teins, 53BP1 blocks extensive 5’ end resection 
that involves CtIP, BLM, and Exol (8). To test 
the ability of Rifl to inhibit resection at such 
shelterin-free telomeres, we generated immor- 
talized TRF1"*TRF2"*Rifl'”* MEFs. As ex- 


TRE2F/FRif1*/* + Cre (96h) TRE2F/FRif1F/F + Cre (96 h 


paired Student's t test. (C) Distributions Cc Bm TRF2F/FRif1F/F + Cre D 
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pected, deletion of TRF1 and TRF2 resulted 
in frequent telomere fusions and nearly com- 
plete loss of the telomeric overhang signal when 
Rifl was present (Fig. 3, E and F). When Rifl 
was codeleted with TRF1 and TRF2, telomere 
fusions were also frequent, resulting in most 
telomeric restriction fragments shifting to a 
higher molecular weight (Fig. 3E). However, 
the telomeres that had not fused at the time 
point analyzed showed a notable increase in 
overhang signal (Fig. 3, E and F). This in- 
crease in the signal was diminished when cells 
were treated with short hairpin RNAs (shRNAs) 
against CtIP, BLM, or Exol (Fig. 3, G and H, 
and fig. S3, B and C). Thus, like 53BP1, Rifl 
inhibits 5’ end resection that involves CtIP, BLM, 
and Exol. 

We next asked whether Rifl affects resection 
at zeocin-induced DSBs by monitoring the for- 
mation of replication protein A (RPA) foci (Fig. 
4A and fig. S4A). The absence of either Rifl, 
53BP1, or both did not affect zeocin-induced 
y-H2AX foci or the basal level of cells containing 
y-H2AX foci, which likely represent replicat- 
ing cells (Fig. 4, A and B). However, in zeocin- 
treated cells, the absence of either Rifl or 53BP1 
resulted in a significant increase in y-H2AX foci 
that colocalized with RPA (Fig. 4, A and C). 
When either 53BP1 or Rifl were absent, there 
also was a significant increase in y-H2AX foci 
containing RPA in cells not treated with zeocin, 
presumably reflecting a higher level of resection 
at stalled replication forks (Fig. 4, A and C). Exam- 
ination of the RPA/y-H2AX foci in zeocin-treated 
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Rifl/S3BP1 double-knockout cells indicated that 
Rifl and 53BP1 are epistatic in this regard be- 
cause the induction of RPA/y-H2AX foci in ab- 
sence of 53BP1 was the same as in Rifl-deficient 
cells and the absence of both Rifl and 53BP1 
did not further increase the response (Fig. 4C). 
The simplest interpretation of these data is that 
Rifl is the main factor acting downstream of 
53BP1 to block 5’ end resection at the zeocin- 
induced DSBs. 

Because the 53BP1/Rif1 control affects CtIP, 
which is thought to be delivered by a complex 
containing BRCA1 (/8—20), we also determined 
whether 53BP1 and Rifl had an effect on the 
presence of the BRCA1 at zeocin-induced DSBs. 
Using an antibody to the constitutive BRCA1 


partner BARD1, we found that absence of 
Rifl or 53BP1 resulted in a significant increase 
in the accumulation of BRCA1 complexes at 
zeocin-induced DSBs (Fig. 4, E and F). Con- 
sistent with the data above, Rifl and 53BP1 
were again epistatic in this regard. The absence 
of 53BP1 resulted in the same phenotype as 
absence of Rifl, and the double knockout did 
not show an additional increase in the incidence 
of BARD foci (Fig. 4, E and F). The absence 
of Rifl also resulted in an increase in the pres- 
ence of BARD1 at dysfunctional telomeres 
(fig. S4, B to D). 

Because 53BP1 mediates the formation of 
misrejoined and radial chromosomes in PARPi- 
treated Brcal-deficient cells, we asked to what 


extent Rifl is responsible for this effect. Cells 
lacking Rifl, 53BP1, or both were treated with a 
BRCAI shRNA and the PARP inhibitor, and mis- 
rejoined chromosomes were quantified (Fig. 4, 
G and H). The data show the previously docu- 
mented decrease in the frequency of chromosome 
misrejoining when 53BP1 is absent. Interesting- 
ly, absence of Rifl also lowers the frequency of 
chromosome misrejoining, but the effect is sig- 
nificantly less than for 53BP1. Thus, the forma- 
tion of misrejoined chromosomes in PARPi-treated 
Brcal-deficient cells is due to two distinct at- 
tributes of 53BP1, one of which requires Rifl 
function. 

These data identify Rifl as the major factor 
acting downstream of 53BP1 in the control of 5’ 
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Fig. 3. Rif1 blocks 5’ end resection at dysfunctional telomeres. (A) Telo- 
meric overhang assays on TRF2"*Rif1*’*, TRF2**Rif1™ and TRF2” 53BP1— 
MEFs. Native in-gel hybridization of Mbol/Alul digested DNA with end- 
labeled [AACCCT], (top) and re-hybridization with the same probe after 
denaturation in situ (bottom). Dashed lines represent the bulk of free (un- 
fused) telomeres used for quantification. (B) Quantification of overhang 
assays as in (A). Overhang signals in no Cre samples was set at 100%. (C 
and D) Overhang assays on TRF2**Rif1"*Lig4”, TRF2"*Rif1 "Liga", and 


TRF2" 53BP1~— MEFs and quantification as in (B). (E and F) Overhang 
assays on TRF1*TRF2*Rif1”* and TRF1TRF2**Rif1" MEFs and quanti- 
fication. (G and H) Overhang assays to measure dependency on CtIP, BLM, 
and Exo1 and quantification. Cells infected with either pMX or pSR with or 
without the indicated shRNAs and treated with Cre for 96 hours. Samples 
with empty vectors and no Cre (ref.) were used as references. Data in [(B), 
(D), (F), and (H)] represent means of >3 experiments +SDs. **, P < 0.05 
(two-tailed paired Student's t test). MEFs are SV40-LT immortalized. 
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Fig. 4. Rif inhibits resection at DSBs and promotes radial formation. 
(A) IF for y-H2AX (red) and MYC-RPA32 (green) in Cre-treated SV40-LT 
immortalized Rifi™ and Rif1""53BP1~~ cells expressing MYC-RPA32 
treated with zeocin (100 ug/ml, for 1 hour; 2 hours before analysis). 
(B) Percentage of y-H2AX positive cells in experiments as in (A). (C) 
Percentage of cells [as in (A)] scored positive when containing at least 
five y-H2AX foci colocalizing with RPA. (D) IF for yH2AX (green) and 
BARD1 (red) in Rif1* and Rif1*"53BP1~" MEFs. Cells and treatment as 


in (A). (E) Percentage of y-H2AX-positive cells in experiments in (D). (F) 
Percentage of cells in (D) containing >5 BARD1/y-H2AX colocalizing 
foci. (G) Examples of misrejoined and radial chromosomes (arrowheads) 
in BRCA1sh/PARPi-treated Rif1"" cells with or without Cre. (H) Per- 
centages of chromosomes that are misrejoined in the indicated geno- 
types and treatments. Data in (B), (C), (E), (F), and (H) are means of 
three to five experiments +SDs. **, P < 0.05 (two-tailed paired Student's 
t test). 
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end resection. In contrast, Rifl does not appear 
to be required for the ability of 53BP1 to pro- 
mote an increase in the mobility of dysfunctional 
telomeres. The intermediate effect of Rifl on 
the fusion of dysfunctional telomeres can be 
explained based on these two observations. The 
increased resection of dysfunctional telomeres in 
absence of Rifl is likely to be responsible for 
the mild inhibition of NHEJ. However, in the 
absence of 53BP1, the effect of increased resec- 
tion is combined with a defect in the induction 
of the mobility of the dysfunctional telomeres, 
resulting in a more severe blockade to NHEJ. 
Similarly, we propose that Rifl deletion leads 
to partial rescue of chromosome misrejoining in 
PARPi/BRCA1 shRNA-treated cells because the 
control of 5’ end resection is only one of multiple 
mechanisms by which 53BP1 acts. One possi- 
bility is that the other mechanism used by 53BP1 
in this context, similar to what happens at dys- 
functional telomeres, involves the induction of 


DSB mobility that increases the chance that 
DSB misrejoining occurs. 
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Regulation of Flowering by 
Trehalose-6-Phosphate Signaling 
in Arabidopsis thaliana 


Vanessa Wahl,* Jathish Ponnu,” Armin Schlereth,* Stéphanie Arrivault,? Tobias Langenecker,” 
Annika Franke,? Regina Feil,? John E. Lunn,? Mark Stitt,2 Markus Schmid2* 


The timing of the induction of flowering determines to a large extent the reproductive success 

of plants. Plants integrate diverse environmental and endogenous signals to ensure the 

timely transition from vegetative growth to flowering. Carbohydrates are thought to play a 
crucial role in the regulation of flowering, and trehalose-6-phosphate (T6P) has been suggested 
to function as a proxy for carbohydrate status in plants. The loss of TREHALOSE-6-PHOSPHATE 
SYNTHASE 1 (TPS1) causes Arabidopsis thaliana to flower extremely late, even under otherwise 
inductive environmental conditions. This suggests that TPS1 is required for the timely 

initiation of flowering. We show that the T6P pathway affects flowering both in the leaves 

and at the shoot meristem, and integrate 7PS1 into the existing genetic framework of 


flowering-time control. 


he transition from vegetative to repro- 

] ductive development is an important 
phase change in a plant’s life. When timed 
correctly, the transition helps to ensure repro- 
ductive success and therefore has adaptive val- 
ue. For this reason, plants have evolved an 
intricate genetic network that controls the on- 
set of flowering in response to environmen- 
tal and endogenous signals such as day length, 
temperature, hormonal status, and carbohydrate 
availability (7). Day length is perceived in the 
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leaves, where a sufficiently long day (i.e., an in- 
ductive photoperiod) leads to induction of the 
FLOWERING LOCUS T (FT) gene (2-7). The 
FT protein functions as a long-distance signal 
(florigen) that is transported to the shoot meri- 
stem, where it interacts with the bZIP transcrip- 
tion factor FD and triggers the formation of 
flowers (8—1/). 

In contrast to the detailed understanding of 
the photoperiod pathway, relatively little is known 
about the contribution of carbohydrates to the 
regulation of flowering (/2). Mutations in genes 
of key enzymes in sugar and starch metabolism 
such as HEXOKINASE] (HXK1) and PHOSPHO- 
GLUCOMUTASE] (PGM1) have been shown to 
affect various aspects of development, includ- 
ing flowering (/3). A particularly striking example 
in this respect is TREHALOSE-6-PHOSPHATE 
SYNTHASE 1 (TPS1), which catalyzes the for- 
mation of trehalose-6-phosphate (T6P) from 


glucose-6-phosphate and uridine diphosphate 
(UDP)-glucose (/3, /4). T6P, which is found only 
in trace amounts in most plants, has been sug- 
gested to function as a signaling molecule that 
relays information about carbohydrate availabil- 
ity to other signaling pathways (/5). In agree- 
ment with the proposed role of T6P as a central 
hub in carbon signaling, 7PS/ loss-of-function 
mutants are embryonic lethal (/6). Expression 
of TPS/ from the seed-specific AB/3 promoter 
has been shown to be sufficient to rescue the em- 
bryo defect, but the resulting homozygous ¢ps/ 
ABI3:TPS1 plants develop slowly and senesce 
before entering the reproductive phase (/7). Homo- 
zygous tps1-2 mutants have also been recovered 
using a chemically inducible rescue construct 
(GVG-TPS1), which enables induction of 7PS7 
by dexamethasone application, allowing the tps /-2 
GVG.TPS1 embryos to be rescued to give viable 
plants that can be stably maintained (/8). The 
resulting tps/-2 GVG:TPS1 plants flower extreme- 
ly late, producing infertile flowers on shoots that 
simultaneously arise from the shoot apical meri- 
stem (SAM) and axillary meristems, or completely 
fail to flower, even under inductive photoperiod. 
These findings indicate that TPS1 plays a crit- 
ical role in controlling the transition to flower- 
ing. However, it is currently unclear where TPS1 
is integrated into the canonical flowering-time 
pathways. 

To better understand the molecular function 
of TPS1, we first confirmed its effect on flow- 
ering by knocking down TPS/ expression with 
the use of an artificial microRNA (35S:amiR- 
TPS1; figs. S1 and $2) (79). This resulted in a 
significant 25 to 30% reduction in T6P levels 
(fig. S3) and a delay in flowering by more than 
20 leaves (Table 1, experiment 1; fig. S4). In con- 
trast, sucrose levels were significantly higher in 
35S:amiR-TPS1 plants (fig. S4), indicating that 
carbohydrate availability as such was not com- 
promised in those plants. These findings highlight 
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the importance of TPS1 activity and T6P signal- 
ing, jointly referred to as the T6P pathway, in 
regulating the floral transition. 

To investigate whether the T6P pathway in- 
tegrates into the photoperiod pathway, we next 
determined the diurnal changes in T6P concen- 
tration. We observed a pronounced rhythmicity in 


T6P across a 72-hour time course, with maxima 
in T6P levels toward the end of the day (Fig. 
1A), broadly following the previously reported 
diurnal changes of sucrose levels (/5). This is 
exactly the time of day when the circadian and 
light-regulated CONSTANS (CO) protein nor- 
mally induces the expression of FT (6, 20, 21). 


Table 1. Flowering times of mutants and transgenic plants. RLN, rosette leaf number; CLN, cauline 
leaf number; TLN, total leaf number; n, number of individuals; #, identifier of individual transgenic 


line; NA, not applicable. 


RLN CLN TLN TLN SD TLN range n 
Experiment 1 (long days) 
Col-0 (wild type) 9.1 2.1 11.2 +1.0 9-14 20 
35S:amiR-TPS1 #5 27.0 6.1 33.1 £2..3 30-36 20 
35S:amiR-TPS1 #6 27.9 6.5 34.4 £2..9 27-43 20 
CLV3:TPS1 #7 2.8 1.8 4.6 257 2-9 9 
CLV3:TPS1 #15 1:5 2.0 3.5 +0.6 3-4 4 
CLV3:0tsB #7 14.2 3.6 17.8 +1.4 16-20 10 
CLV3:0tsB #9 15.0 3.9 18.9 +2.0 16-23 10 
Experiment 2 (long days) 
Col-0 (wild type) 10.2 1.8 12.0 +11 9-13 20 
ft-10 38.1 8.1 46.2 £2.11, 43-50 20 
35S:amiR-TPS1 #5 29.9 7.3 37.2 +2.3 32-41 20 
35S:amiR-TPS1 #6 32.5 7.2 39.7 42.8 35-44 20 
ft-10 35S:amiR-TPS1 #5 39.7 9.6 49.3 £1.7 46-53 20 
ft-10 35S:amiR-TPS1 #6 40.5 9.6 50.1 #19 47-53 20 
Experiment 3 (long days) 
Col-0 (wild type) 9.0 1.3 10.3 +1.0 9-12 20 
35S:amiR-TPS1 #6 29.6 6.3 35.9 £19 33-40 19 
35S:FT 3.8 1.2 5.0 +0.4 4-6 15 
SUC2:FT 3.6 aKeE 4.7 +0.5 455 15 
35S:FT 35S:amiR-TPS1 #6 4 1.4 5.4 +0.5 5-6 20 
SUC2:FT 35S:amiR-TPS1 #6 4.1 1.4 5.5 +0.5 5-6 20 
Experiment 4 (short days) 
Col-0 (wild type) 58.9 3.1 62.0 +2.0 59-65 20 
tps1-2 GVG:TPS1 >100 NA >100 NA >100 20 
Experiment 5 (short days) 
Col-0 (wild type) 54.1 9.6 63.7 $2.5 59-69 18 
CLV3:TPS1 #7 24.0 5.8 29.8 £2.9 23-33 21 
CLV3:TPS1 #15 37.4 8.8 46.2 +33 38-50 20 
Experiment 6 (long days) 
Col-0 (wild type) 8.1 2.0 10.1 +0.6 9-11 20 
ft-10 37.6 13 44.9 +£1.9 42-48 20 
CLV3:TPS1 #7 3.8 1.9 5.7 +0.7 5-7 18 
CLV3:TPS1 #7 ft-10 13.7 2.5 16.2 +13 15-20 20 
Experiment 7 (long days) 
Col-0 (wild type) 9.0 1.8 10.8 +11 9-14 20 
355:miR156 29.6 4.2 33.8 +2.6 29-38 20 
35S:amiR-TPS1 #5 29.5 6.8 36.3 coal | 30-38 20 
35S:amiR-TPS1 #6 32.4 6.8 39.2 2.1, 36-42 20 
35S:miR156 35S:amiR-TPS1 #5 >100 NA >100 NA >100 20 
35S:miR156 35S:amiR-TPS1 #6 >100 NA >100 NA >100 20 
Experiment 8 (short days) 
Col-0 (wild type) 57.1 10.5 67.6 +2.2 65-72 20 
355:miR156 97.8 4.6 102.4 +3.8 97-110 20 
35S:amiR-TPS1 #6 56.3 8.4 64.7 +2.6 60-69 20 
35S:miR156 35S:amiR-TPS1 #6 >120 NA >120 NA >120 20 
Experiment 9 (long days) 
Col-0 (wild type) 10.6 2.3 12.9 +17 11-17 20 
tps1-2 GVG:TPS1 >80 NA >80 NA >80 20 
35S:MIM156 2.8 4.3 7.1 +1.0 5-9 20 
35S:MIM156 tps1-2 GVG:TPS1 8.3 3.9 12.2 #1,2 10-14 20 
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Expression of CO (Fig. 1B) and that of its up- 
stream regulator GIGANTEA (GI) (fig. S5) were 
unchanged in the #ps/-2 GVG:TPS1 mutant. In 
contrast, the induction of FT at the end of the 
long day (LD) was abolished in fps/-2 GVG:TPS1 
plants (Fig. 1C). Similarly, expression of TWIN 
SISTER OF FT (TSF), which has been shown 
to follow the same diurnal regulation and to 
contribute to the induction of flowering (22), 
was substantially reduced in sps/-2 GVG:TPS1 
plants at the end of the LD (fig. S5). Expression 
of FT and TSF was also substantially reduced 
in a developmental series in the 35S:amiR-TPS1 
line (fig. S6). Furthermore, FT expression in 
tpsI-2 GVG:TPS1 plants could be significant- 
ly induced by dexamethasone application (fig. 
S7), confirming that the T6P pathway is required 
for FT and TSF expression under inductive 
photoperiod. 

The finding that FT and TSF expression is al- 
most completely abolished in the sps/-2 GVG:TPS1 
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Fig. 1. Diurnal time course of T6P and flowering- 
time genes over 72 hours. (A) T6P levels in whole 
12- to 14-day-old Col-0 rosettes. Error bars indicate 
SD of the mean. (B and C) Expression of CO (B) and 
FT (© in 12- to 14-day-old Col-0 (solid circles) and 
tps1-2 GVG:TPS1 (open diamonds) rosettes. Expres- 
sion was determined by qRT-PCR using three 
biological replicates with three technical repetitions 
each and normalized to TUB2. Shaded areas indicate 
dark periods. Error bars indicate the upper and lower 
limit of the SD of the mean. 
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mutant and strongly attenuated in 35S:amiR- 
TPS1 lines explains, to a large extent, the late flow- 
ering of these genotypes. Loss of FT function— 
as, for example, in the strong T-DNA insertion 
mutant ff-/0—results in delayed flowering, spe- 
cifically under LD (supplementary text and table 
S1). Genetic analyses demonstrated that ft-10 
35S:amiR-TPS1 double mutants flowered only 
marginally later in LD than did /t-/0 plants 
(Table 1, experiment 2), indicating that the two 
genes act in the same pathway. Moreover, ex- 
pression of FT from the constitutive 35S pro- 
moter or the phloem companion cell-specific 
SUC2 promoter, which has been shown by sev- 
eral studies to induce flowering independently 
of photoperiod (supplementary text and. table 
S1), almost completely suppressed the late flow- 
ering of 35S:amiR-TPS1 (Table 1, experiment 3), 
confirming that the T6P pathway acts upstream 
of FT in the photoperiod pathway. 

In contrast to fi-70 mutants, which are late- 
flowering only under inductive LD conditions, 
tpsI-2 GVG:TPSI mutants flowered late irre- 
spective of day length (Table 1, experiment 4). 
This suggests that the T6P pathway also in- 
terferes with other floral signals in addition to 
the photoperiod pathway, and that it does so ina 
tissue separate from the leaves where day length 
is perceived. The most likely tissue for a non- 
leaf function of the T6P pathway is the SAM, 
where the different flowering-time pathways 
converge to regulate the expression of a small 
set of integrator genes, the expression of which 
ultimately decides whether the plant will make 
the transition to flowering (/). 

TPS1 expression was detected by RNA in 
situ hybridization in the flanks of the meristem 
encircling the center of the SAM (Fig. 2, A to 
D, and fig. S8). In agreement with a proposed 
role of the T6P pathway in regulating flowering 
time at the SAM, T6P levels increased signifi- 
cantly during the transition to flowering in meri- 
stems of LD-grown plants (Fig. 2E) as well as 
in the meristems of plants in which flowering had 
been induced synchronously by shifting them 
from short day (SD) to LD (Fig. 2F). In dissected 
meristems of the latter, we observed a very strong 
correlation between T6P and sucrose levels (Fig. 
2G), highlighting the role of T6P as an indicator 
of a plant’s carbon status not only in vegetative 
tissues but also in the SAM. 

These observations prompted us to express 
TPS1 and the T6P-catabolizing enzyme trehalose- 
6-phosphate phosphatase, encoded by the otsB 
gene from Escherichia coli, in the SAM (/3). 
Misexpression of 7PS/ from the stem cell niche— 
specific CLV3 promoter (CLV3:TPS7) resulted in 
very early flowering under inductive LD as well 
as under noninductive SD conditions, whereas 
expression of otsB (CLV3:otsB) had the oppo- 
site effect (Table 1, experiments 1 and 5; Fig. 2, 
H to K; fig. S9). We found that the expression 
of CLV3:TPS1 was sufficient to almost complete- 
ly rescue the late flowering of ff-/0 mutants, dem- 
onstrating that the T6P pathway can act largely 


independently of FT to induce flowering at the 
shoot meristem (Table 1, experiment 6). Taken 
together, these findings indicate that TPS1 and 
TOP signaling are important regulators of the tran- 
sition to flowering at the SAM. 

To identify potential targets of the T6P path- 
way in the SAM, we performed a microarray 
analysis of dissected apices of 21-day-old SD- 
grown vegetative tps/-2 GVG:TPSI and wild- 
type plants (figs. S10 to S12). Transcript levels 
for genes known to be involved in integrating 
diverse flowering-time signals at the apex such 
as photoperiod (fig. S10), ambient tempera- 
ture, prolonged periods of cold (vernalization) 
(fig. S11), and gibberellic acid (fig. S12) were 
unchanged or displayed only minor, statistical- 
ly insignificant expression changes in the tps/-2 
GVG-TPSI mutant relative to the wild type. 
The notable exception was SQOUAMOSA PRO- 
MOTER BINDING PROTEIN-LIKE 3 (SPL3), a 
known component of the age pathway of flo- 
ral induction in Arabidopsis thaliana (23-26). 
Expression of SPL3 was reduced by 60% in 
tps1-2 GVG.TPS1 (Fig. 3E). The reduced expres- 
sion of SPL3 in tpsI-2 GVG:TPS1 was verified 
by quantitative reverse transcription polymer- 
ase chain reaction (qRT-PCR) on dissected meri- 
stems of 10- to 50-day-old SD-grown plants (Fig. 
3F). This analysis also identified two closely re- 
lated genes—SPL4 and SPL5 (23, 26), whose 


A , oB 
} y m 
¥ 
ee at a, ae 
ae) i, 
3, oe 
E 35 F 300 
© 30 © 250 
2 oe ait 2 
6 5 200 
D 20 D 
£ £ 150 
ee E 
& 10 e 100 
6 5 6 50 
FE FE 
0 ) 
8DAG 10DAG 12DAG 0 DAS 


expression was below the detection limit in 
the microarray experiment—as potential tar- 
gets of the T6P pathway at the SAM (Fig. 3, E 
and F). 

SPL genes have been shown to be regulated 
by diverse flowering signals and to form the 
molecular output of a pathway that regulates 
flowering as a function of a plant’s age (25). 
The age-dependent induction of flowering is a 
fail-safe to ensure that plants eventually flower 
even in the absence of inductive signals. This 
is accomplished by the gradual reduction of 
miR156 levels independently of other signals, 
and a corresponding increase in miR156-targeted 
SPL transcripts, as plants age (25, 27). We com- 
pared mature miR156 levels at the meristem 
in SD-grown wild-type and tps/-2 GVG:TPS1 
plants at different times between 10 and 50 
days after germination. Between 10 and 30 days 
after germination, the levels of the mature miR156 
were consistently higher in the tps/-2 GVG:TPS1 
mutant relative to the wild type (Fig. 3G), which 
explains the reduced SPL3, SPL4, and SPL5 
expression observed in #ps/-2 GVG:TPS1 plants 
at these times (Fig. 3F). However, as the plants 
aged, miR156 declined to similarly low levels in 
both genotypes from 40 to 50 days after germi- 
nation (Fig. 3G). This decrease of miR156 was 
accompanied by a strong increase of SPL3, SPL4, 
and SPLS5 transcript levels in wild-type plants. 
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Fig. 2. TPS1 expression and T6P concentrations in the SAM. (A to D) Detection of 7PS1 expression 
by RNA in situ hybridization in the SAM in LD-grown plants 6 days after germination (DAG) (A), 
8 DAG (B), 10 DAG (C), and 12 DAG (D). Star indicates meristem summit. Scale bar, 100 um. (E and F) 
T6P content in dissected meristems of LD-grown Col-0 plants (E) and 30-day-old SD-grown plants 
shifted to LD and harvested at 0, 3, and 5 days after the shift (DAS) (F). Error bars denote SD; **P < 0.01, 
***P < 0,001 (Student's t test, based on four biological replicates). (G) Correlation between sucrose 
and T6P concentration in dissected meristems 0, 3, 5, and 7 days after shift from SD to LD. (H to K) 
Rosette phenotype of Col-O (H), 35S:amiR-TPS1 #6 (I), CLV3:otsB #9 (J), and CLV3:7PS1 #7 (K). 
Scale bar, 1 cm. 
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In contrast, the increase was strongly attenuated 
in tpsl-2 GVG-TPS]1 plants (Fig. 3G). 

Taken together, these results suggest that the 
T6P pathway controls expression of SPL3, SPL4, 
and SPL5 in the SAM, in part via miR156 and in 
part independently of the miR156-dependent age 
pathway. In agreement with these findings, we 
observed that constitutive expression of miR156, 
which has been shown by several studies to delay 
vegetative phase transition and flowering (sup- 
plementary text and table S1), combined with 
down-regulation of TPSI (35S:amiR-TPS1), had 
an additive effect on flowering, with the double- 
transgenic line failing to flower in either LD or 
SD (Table 1, experiments 7 and 8). In addition, 
reducing the levels of mature miR156 by the con- 
stitutive expression of MIM156 (28, 29), which 
sequesters miR156 from its targets, was sufficient 
to restore flowering in the sps/-2 GVG:TPS] mu- 
tant (Fig. 3, A to D; Table 1, experiment 9). This 
provides further evidence that the miR156/age 
pathway acts at least partially independently of 
the T6P pathway. 

SPL proteins have also been shown to pro- 
mote FT expression in leaves by regulating the 
expression of two MADS-box transcription fac- 
tors, SUPPRESSOR OF OVEREXPRESSION OF 
CONSTANS I (SOC1) and FRUITFUL (FUL) 
(25, 30). This raised the possibility that the ob- 
served repression of FT in tpsI-2 GVG:TPS1 
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plants (Fig. 1C) was due to reduced expres- 
sion of SOC/ and FUL. However, expression of 
these two genes was not changed in the gps/-2 
GVG-TPS1 (fig. S13) and 35S:amiR-TPS] mu- 
tant rosettes (fig. S14) before flowering, which 
in LD-grown wild-type plants occurs approxi- 
mately 10 days after germination (fig. S4). These 
findings suggest that in leaves, the T6P path- 
way regulates FT largely independently of the 
miR156-SPL module. 

Our results demonstrate that the T6P path- 
way regulates flowering at two sites in the plant 
(fig. S15). In the leaves, TPS1 activity is required 
for the induction of the florigen FZ, even under 
inductive photoperiod. This provides a conve- 
nient way for the plant to integrate an environ- 
mental signal (the activation of FT by CO in 
response to increasing day length in spring) 
with a physiological signal (the presence of high 
carbohydrate levels, as indicated by T6P). To- 
gether these two inputs ensure that FT is ex- 
pressed when the conditions are optimal—that is, 
when day length exceeds a certain minimum and 
the plant has sufficient carbohydrate resources 
to support the energy-demanding processes of 
flowering and seed production. In addition, the 
TOP pathway affects the expression of impor- 
tant flowering-time and flower-patterning genes 
via the age pathway directly at the SAM inde- 
pendently of the photoperiod pathway. This might 
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Fig. 3. SPL/miR156 module and T6P signaling. (A to D) Flowering-time phenotypes of Col-0 (A), 
tps1-2 GVG:TPS1 (B), 355:MIM156 (C), and homozygous tps1-2 GVG:TPS1 355:MIM156 (D) plants. 
Scale bar, 1 cm. (E) Expression of SPL3, SPL4, and SPL5 in apices of 21-day-old SD-grown Col-0 
(light gray) and tps1-2 GVG:TPS1 (dark gray) as determined by microarray hybridization. Error bars 
indicate minimum and maximum values of two biological replicates. (F) Expression of SPL3, SPL4, 
and SPL5 in SD-grown Col-O (light gray) and tps1-2 GVG:TPS1 (dark gray) plants 10, 20, 30, 40, 
and 50 days after germination. (G) Relative levels of mature miR156 as measured by gRT-PCR in 
apices of SD-grown Col-0 (light gray) and tps1-2 GVG:TPS1 (dark gray) plants 10, 20, 30, 40, and 
50 days after germination. Error bars in (F) and (G) denote upper and lower limit of SD of three 
biological replicates with three technical repetitions each. 


provide a local signal to link developmental de- 
cisions in the meristem to the supply of carbo- 
hydrates. Thus, the T6P pathway acts as a signal 
that coordinates the induction of flowering by 
regulating the expression of key floral integra- 
tors in leaves and the SAM. 
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Changes in the microbial community structure are observed in individuals with intestinal 
inflammatory disorders. These changes are often characterized by a depletion of obligate anaerobic 
bacteria, whereas the relative abundance of facultative anaerobic Enterobacteriaceae increases. 
The mechanisms by which the host response shapes the microbial community structure, however, 
remain unknown. We show that nitrate generated as a by-product of the inflammatory response 
conferred a growth advantage to the commensal bacterium Escherichia coli in the large intestine of 
mice. Mice deficient in inducible nitric oxide synthase did not support the growth of E. coli by 
nitrate respiration, suggesting that the nitrate generated during inflammation was host-derived. 
Thus, the inflammatory host response selectively enhances the growth of commensal 
Enterobacteriaceae by generating electron acceptors for anaerobic respiration. 


ver 90% of the cells in the human body 
()= microbes, the majority of which re- 
side in the large intestine, where they 
provide benefit to the host by stimulating the 


development of the immune system, supply- 
ing nutrients, and providing niche protection. 
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Fig. 1. Anaerobic respiration enhances luminal 
growth of £. coli during DSS-induced colitis. 
(A) Competitive index (Cl) of the EcN wild type 
(WT) and the moaA mutant after anaerobic growth 
in mucin broth supplemented with 40 mM of 
the indicated electron acceptors (n = 3). (B) 


Mock-treated mice (Mock), DSS-treated mice (DSS), or mice treated with 
DSS and AG (DSS+AG) were inoculated with the indicated mixtures of 
E. coli strains, and the Cl in colon contents was determined 5 days after 
inoculation. A plasmid (pMOA1) carrying the cloned moaA gene was used 
to complement the moaA mutant (moaA). The number of animals (n) is 


The lumen of the large bowel is thought to be 
primarily anaerobic, with traces of oxygen being 
consumed by facultative anaerobic bacteria 
(such as Enterobacteriaceae), which constitute 
a small fraction (approximately 0.1%) of the 
microbial community (microbiota) (/). The vast 
majority of microbes in the large intestine be- 
long to the phyla Bacteroidetes (class Bacteroidia) 
and Firmicutes (class Clostridia), two groups of 
obligate anaerobic bacteria that lack the ability 
to respire and instead rely on the fermentation 
of amino acids and complex polysaccharides 
for growth. On the phylum level, this bacterial 
community structure is conserved between 
humans and mice (/, 2). Conditions of inflam- 
mation in the large bowel are accompanied by 
a microbial imbalance (dysbiosis), however, 
which is characterized by a marked decrease 
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in the representation of obligate anaerobic bac- 
teria and an increased relative abundance of 
facultative anaerobic bacteria belonging to the 
family Enterobacteriaceae (3—/2) (fig. S1, A 
and B). 

An important component of the host inflam- 
matory response is the generation of reactive ni- 
trogen species (RNS) and reactive oxygen species 
(ROS) (fig. S1C). For example, inducible nitric 
oxide synthase (iNOS) is expressed at high levels 
during intestinal inflammation, and elevated nitric 
oxide (NO-) concentrations are detected in the 
colonic luminal gas of individuals with inflam- 
matory bowel disease (/3—/5). The reaction of 
nitric oxide radicals (NO-) with superoxide rad- 
icals (O> ) yields peroxynitrite (ONOO ), which 
can either generate nitrate (NO3 ) (/6) or oxidize 
organic sulfides and tertiary amines to S-oxides 
and N-oxides (/7, /8). Similarly, inflammation- 
derived ROS can generate S-oxides and N-oxides 
(17, 18). Unlike obligate anaerobic members of 
the gut microbiota, the facultative anaerobic 
Enterobacteriaceae can use nitrate, S-oxides, 
and N-oxides as terminal electron acceptors for 
anaerobic respiration. We thus hypothesized 
that colitis produces dysbiosis because highly 
oxidized by-products of intestinal inflamma- 
tion (such as nitrate, S-oxides, and N-oxides) 
might enable commensal Enterobacteriaceae to 
edge out fermenting microbes in the gut lumen 
by using anaerobic respiration for energy produc- 
tion (fig. S1C). 

Escherichia coli, a prototypic member of 
the Enterobacteriaceae, possesses three nitrate 
reductases, two S-oxide reductases, and three 
N-oxide reductases encoded by the narGHJI, 
narZYWV, napFDAGHBC, dmsABC, ynfDEFGH, 
torCAD, torYZ, and yedYZ operons, respective- 
ly (19). One common feature shared by these 
terminal reductases is the incorporation of an 
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given in fig. $3C. (C) Concentration of nitrate (NO; ) determined in the 
cecal mucus layer of mock-treated mice (n = 4), DSS-treated mice (DSS, n = 3), 
or mice treated with DSS+AG (n = 4). Bars represent geometric means + 
SE. *P < 0.05, **P < 0.01, ***P < 0.001; ns, not statistically significant 
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essential molybdenum cofactor into the active site. 
To test the idea that anaerobic respiration pro- 
vides a growth benefit in the inflamed intestine, 
we generated mutants deficient for the biosyn- 
thesis of the molybdenum cofactor (moaA mu- 
tants) in the Escherichia coli strains HS and 
Nissle 1917 (EcN) (fig. S2, A and B). These moaA 
mutants were anaerobically cocultured with the 
respective wild-type strains in mucin broth in the 
presence or absence of nitrate, DMSO (dimethyl 
S-oxide), or TMAO (trimethylamine N-oxide) 
(Fig. 1A and fig. S2C). Enrichment for the E. coli 
wild-type strains occurred in the presence of ni- 
trate, DMSO, and TMAO, suggesting that an- 
aerobic respiration can provide a growth benefit 
during the anaerobic growth conditions encoun- 
tered in the intestinal mucus layer. 


We next inoculated untreated mice (C57BL/6 
mice) or mice with chemically induced colitis [in- 
duced by treatment with dextran sulfate sodium 
(DSS)] intragastrically with an equal mixture of 
EcN and its isogenic moaA mutant (fig. S1D). 
Both the wild-type strain and the moaA mutant 
colonized the intestine of mock-treated mice poor- 
ly, but similar numbers of each strain were recov- 
ered from colon contents 5 days after inoculation 
(Fig. 1B). This result suggested that in the ab- 
sence of intestinal inflammation, anaerobic respira- 
tion did not provide a growth benefit for E. coli. 
DSS treatment induced inflammation in the colon 
and increased mRNA levels of proinflammatory 
markers in wild-type mice (fig. S3). In contrast 
to mock-treated mice, the EcN wild-type strain 
was recovered from colon contents of DSS-treated 
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Fig. 2. Wild-type F. coli (WT) outcompetes a nitrate respiration—deficient mutant during colitis. Mock- 
treated (Mock), DSS-treated (DSS), or DSS+AG-treated wild-type mice; Nos2-deficient mice (Nos2); or 
mice harboring T cells deficient for the production of IL-10 (Cd4 i110 mice) were inoculated with the 
indicated mixtures of E. coli strains. narG narZ napA, E. coli nitrate respiration—deficient mutant. The 
narG narZ napA mutant was complemented by introducing a functional chromosomal napA allele and 
a plasmid (pNARG1) carrying the cloned narG gene [narG narZ napA(rest)(pNARG1)]. Pathological 
changes in the colon (A and C) and the Cl recovered from colon contents (B and D) were determined 
5 days after inoculation. (A) and (C) Combined histopathology score in the colon. Each dot represents 
data from an individual animal. Experiments were performed with EcN [(A) and (B)] or E. coli LF82 
[(©) and (D)]. (B) and (D) Bars represent geometric means + SE. **P < 0.01, ***P < 0.001 (Student's 


t test). n is given in (A) and (C). 
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mice in significantly higher numbers than the 
moaA mutant 5 days after inoculation. Similar 
results were observed when DSS-treated mice 
were inoculated with an equal mixture of the hu- 
man commensal £. coli strain HS and an isogenic 
moaA mutant. Expression of moaA from a low— 
copy-number plasmid (pMOA1) in the EcN moaA 
mutant fully restored the phenotype to wild-type 
levels. Outgrowth of the EcN wild-type strain 
over the moaA mutant was also observed in the 
DSS colitis model when mice were precolonized 
with E. coli (fig. S4). These findings supported 
the idea that anaerobic respiration provided a 
growth advantage to commensal £. coli during 
intestinal inflammation. 

Although ROS can be generated by several 
NADPH (reduced nicotinamide adenine dinucleo- 
tide phosphate) oxidases, the sole source of 
NO during inflammation is iNOS. To determine 
the contribution of RNS to the growth advantage 
mediated by anaerobic respiration, DSS-treated 
mice were treated with the iNOS inhibitor amino- 
guanidine hydrochloride (AG) and inoculated with 
a mixture of the EcN wild type and the moaA 
mutant. Consistent with the idea that RNS are 
a significant source for the production of ter- 
minal electron acceptors during inflammation, 
the growth advantage of the EcN wild type over 
the moaA mutant in the DSS-colitis model was 
significantly (P < 0.01) blunted after AG treat- 
ment (Fig. 1B). The nitrate/nitrite redox couple 
has a greater redox potential than the DMSO/DMS 
or the TMAO/TMA redox couples, which makes 
nitrate the preferred respiratory electron accep- 
tor for the growth of £. coli under anaerobic 
conditions (/9). Therefore, we next determined 
whether nitrate becomes available in the lu- 
men of the inflamed intestine. To accomplish 
this objective, the concentration of nitrate was 
determined in the cecal mucus layer of mock- 
treated mice or mice with DSS-induced colitis 
(Fig. 1C). Whereas nitrate levels were at the limit 
of detection in mock-treated control mice, a 
significant (P < 0.001) increase in nitrate lev- 
els was observed in DSS-treated animals. AG 
treatment of mice with DSS-induced colitis 
significantly (P < 0.05) dampened nitrate pro- 
duction, thus supporting the hypothesis that ni- 
trate is generated in the intestinal lumen as part 
of the host inflammatory response. 

We next tested whether nitrate respiration 
bestows a growth advantage on E. coli wild- 
type isolates. To this end, we inactivated the narG, 
napA, and narZ genes, which encode nitrate re- 
ductases, in the probiotic EcN. In contrast to the 
wild-type strain, the nitrate respiration—deficient 
narG napA narZ triple mutant lacked nitrate 
reductase activity and was outcompeted by the 
wild-type strain during competitive anaerobic 
growth in mucin broth in the presence of nitrate 
(fig. S5). To determine whether nitrate respira- 
tion provides a colonization advantage in the 
intestine, mock-treated and DSS-treated wild- 
type (CS7BL/6) mice were inoculated intra- 
gastrically with an equal mixture of the EcN 
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wild type and a narG napA narZ triple mutant 
(Fig. 2). In the absence of inflammation (mock 
treatment, Fig. 2A and figs. S6 and S7), both the 
EcN wild type and the narG napA narZ triple 
mutant were recovered in similar numbers from 
colonic (Fig. 2B) and cecal contents (fig. S8A). 
In contrast, the EcN wild-type strain was more 
abundant than the narG napA narZ triple mutant 
when colitis was induced by administration of 
DSS. Similar results were obtained using an ad- 
herent invasive E. coli (AIEC) isolate (LF82) 
that was isolated from an inflammatory bowel 
disease patient (Fig. 2, C and D, and fig. S5, C 
and D). To test whether nitrate respiration 
provides a growth benefit in the absence of 
iNOS-dependent nitrate production, the compet- 
itive colonization experiment was repeated in DSS- 
treated iNOS-deficient mice (i.e., mice carrying 
a mutation in the Nos2 gene) and DSS-treated 
wild-type mice (C57BL/6) that received AG. 
The severity of the colitis induced by the DSS 
treatment was similar among all treatment groups 
(Fig. 2A and fig. S7) 5 days after inoculation 
with E. coli. The EcN wild type and its nitrate 
respiration—deficient mutant were recovered in 


equal numbers from DSS-treated iNOS-deficient 
mice or from DSS+AG-treated wild-type mice. 
Similar results were obtained using varying con- 
centrations of DSS (fig. S9) as well as with 
E. coli strain K-12 (fig. $10). Concomitant ex- 
pression of narG from a low—copy-number 
plasmid (pNARG1) and restoration of the napA 
mutation to its wild-type allele /napA(restored)| 
in the narG narZ napA mutant reestablished 
fitness in the inflamed gut to similar levels as 
observed with the wild-type strain (Fig. 2B and 
fig. S8A). Collectively, these data suggested 
that the reduction of host-derived nitrate by 
E. coli confers a growth advantage during gut 
inflammation. 

To validate our findings in a second murine 
model of colitis, we generated mice that har- 
bored T cells deficient for the production of the 
anti-inflammatory cytokine interleukin-10 (IL-10) 
[Cd4 1110 mice 110°" Cd4-cre)], a mouse 
strain that developed spontaneous colitis (Fig. 
2A and S7) (20). After the onset of intestinal 
inflammation, mice were inoculated intragas- 
trically with an equal mixture of the EcN wild 
type and the narG napA narZ triple mutant 
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(Fig. 2B). The nitrate respiration—proficient wild- 
type strain outcompeted the narG napA narZ 
mutant in the colon contents of Cd4 [1/0 mice 
5 days after inoculation (P < 0.05). To inves- 
tigate whether the growth of E. coli by nitrate 
respiration can also be observed in an unrelated 
animal model of intestinal inflammation, bovine 
ligated ileal loops were inoculated with thapsi- 
gargin, a proinflammatory compound, or mock- 
treated (vehicle control) (Fig. 3, A to C). At 8 hours 
after the inoculation of thapsigargin-treated loops 
with a mixture of EcN and the narG napA narZ 
mutant, significantly (P < 0.05) greater numbers of 
wild-type EcN were recovered from luminal fluid 
and mucus (Fig. 3D). 

To determine whether nitrate respiration in- 
creases bacterial recovery from the inflamed in- 
testine when mice are inoculated with a single 
E. coli strain, DSS-treated mice were inocu- 
lated either with the EcN wild-type strain or 
with the narG napA narZ mutant. Mice inoc- 
ulated with EcN or the narG napA narZ mutant 
exhibited a similar severity of colonic inflam- 
mation (Fig. 3, E to G). The EcN wild-type 
strain was recovered in significantly (P < 0.01) 


i Mucus 
O Fluid 


cain vehicle Thapsi- 


gargin 
EcN EcN 
(WT vs. narG napA narZ) (WT vs. narG napA narZ) 
1007 ns 1094 —— 
F G H 
ns F 
Combined ® mRNA — -— _ Bacterial 
Histo- (fold 10 load 4108 
‘=| pathology change) in the 
"=| score colon 
content 
(CFU/g) 
107 
Gene 
EcN : EcN WT narG 
Genotype: napA symbol: Nos2 Ke Tnfa gencivps: napA 
narZ O wrt narZ 
DSS WB narG narZ napA DSS 


Fig. 3. Nitrate respiration enhances luminal growth of EcN during in- 
flammation. (A to D) Bovine ligated ileal loops treated with thapsigargin 
or mock-treated (vehicle) were inoculated with a mixture of EcN (WT) and 
a nitrate respiration—deficient mutant (narG napA narZ). Samples were 
collected 8 hours after inoculation. (A) Representative hematoxylin and 
eosin (H&E)—stained ileal sections. Scale bar, 200 um. (B) Combined his- 
topathology score in the ileum. Each dot represents data from an individual 
animal. (©) Fluid accumulation in ligated ileal loops. (D) Cls recovered from 
the luminal fluid (open bars) or mucus scrapings (solid bars). (E to H) DSS- 
treated mice were inoculated either with EcN (WT) or with the narG napA 


narZ mutant. Inflammation in the colon (E to G) and bacterial numbers 
recovered from colon contents (E) were determined 5 days after inoculation. 
(E) Representative H&E-stained colonic sections. Scale bar, 100 um. (F) 
Combined histopathology score in the colon. (G) Expression of Nos2, Kc, 
and Tnfa in colonic RNA samples analyzed by quantitative real-time 
polymerase chain reaction (fold increases over mock-treated mice). (H) 
Bacterial numbers [colony-forming units (CFU)] recovered from colon con- 
tents. In (C), (D), (G), and (H), bars represent geometric means + SE. *P < 
0.05, **P < 0.01; ns, not statistically significant (Student's t test). n is given 
in (B) and (F). 
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higher numbers from colon contents than was 
the nitrate respiration—deficient mutant (Fig. 3H 
and fig. S8B). Collectively, these data suggested 
that nitrate respiration conferred a marked growth 
advantage on commensal £. co/i in the lumen 
of the inflamed gut. 

The picture emerging from this study is that 
nitrate generated as a by-product of the host in- 
flammatory response can be used by E. coli, and 
likely by other commensal Enterobacteriaceae, 
to edge out competing microbes that rely on fer- 
mentation to generate energy for growth. Obli- 
gate anaerobic microbes in the intestine compete 
for nutrients that are available for fermentation 
but cannot use nonfermentable nutrients (such 
as fermentation end products). The ability to 
degrade nonfermentable substrates probably 
enables E. coli to sidestep this competition, which 
explains the fitness advantage conferred by ni- 
trate respiration in the inflamed gut. Through 
this mechanism, inflammation contributes to a 
bloom of nitrate-respiration—proficient Entero- 
bacteriaceae, providing a plausible explanation 
for the dysbiosis associated with intestinal in- 
flammation (3—/2). This general principle might 
also influence the dynamics of host-associated 


bacterial communities outside the large bowel, 
as nitrate respiration confers a fitness advantage 
in the oxygen-poor and nitrate-rich environment 
of the cystic fibrosis airway (2/). 
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Rifl Prevents Resection of 
DNA Breaks and Promotes 
Immunoglobulin Class Switching 


Michela Di Virgilio,’ Elsa Callen,?* Arito Yamane,** Wenzhu Zhang,°* Mila Jankovic,* 
Alexander D. Gitlin,? Niklas Feldhahn,? Wolfgang Resch,* Thiago Y. Oliveira,” Brian T. Chait, 
André Nussenzweig,® Rafael Casellas,* Davide F. Robbiani,” Michel C. Nussenzweig’?+ 


DNA double-strand breaks (DSBs) represent a threat to the genome because they can lead to 
the loss of genetic information and chromosome rearrangements. The DNA repair protein 

p53 binding protein 1 (53BP1) protects the genome by limiting nucleolytic processing of DSBs 
by a mechanism that requires its phosphorylation, but whether 53BP1 does so directly is 

not known. Here, we identify Rap1-interacting factor 1 (Rif1) as an ATM (ataxia-telangiectasia 
mutated) phosphorylation-dependent interactor of 53BP1 and show that absence of Rif1 results 
in 5'-3’ DNA-end resection in mice. Consistent with enhanced DNA resection, Rif1 deficiency 
impairs DNA repair in the G, and S phases of the cell cycle, interferes with class switch 
recombination in B lymphocytes, and leads to accumulation of chromosome DSBs. 


ing protein 1 (S3BP1) is a multidomain pro- 

tein containing a chromatin-binding tudor 
domain, an oligomerization domain, tandem breast 
cancer 1 (BRCA1) C-terminal (BRCT) domains, 
and an N-terminal domain with 28 SQ/TQ poten- 
tial phosphorylation sites for phosphatidylinositol 
3-kinase-telated kinases [PIKKs, ataxia-telangiectasia 
mutated (ATM)/ATM and Rad3-related/DNA- 
dependent protein kinase catalytic subunit (DNA- 
PKcs)] (/—3). 53BP1 contributes to DNA repair 
in several ways: This protein facilitates joining 
between intrachromosomal double-strand breaks 
(DSBs) at a distance (synapsis) (4—7), it enables 
heterochromatic DNA repair through relaxa- 


T= DNA damage response factor p53 bind- 


tion of nucleosome compaction (2, 3), and it 
protects DNA ends from resection and thereby 
favors repair of DSBs that occur in G, phase by 
nonhomologous end joining (NHEJ) (4, 5, 8). 
Consistent with its role in DNA-end protection, 
53BP1 is essential for class switch recombina- 
tion (CSR) in B lymphocytes (9, /0). 
Structure-function studies indicate that, be- 
sides the recruitment of 53BP1 to DNA ends, 
protection requires 53BP1 phosphorylation (4), 
but how this protective effect is mediated is un- 
known. To identify phosphorylation-dependent 
interactors of 53BP1, we applied stable isotope 
labeling by amino acids in cell culture (SILAC). 
Tip53bp! ’ (Tip53bp1 encodes 53BP1) B cells were 


infected with retroviruses encoding a C-terminal 
deleted version of 53BP1 (53BP1°%) or a phospho- 
mutant in which all 28 N-terminal potential PIKK 
phosphorylation sites were mutated to alanine 
(53BP1?°°8) (4), in media containing isotopically 
heavy (53BP1?®) or light (53BP1??84) lysine and 
arginine (fig. S1, A to C) (//). 

Most proteins coprecipitating with 53BP1?° 
and 53BP1?884 displayed a H/(H + L) ratio of 
~0.5 (H, heavy; L, light), which is character- 
istic of phospho-independent association (av- 
erage of 0.57 + 0.09, peptide count: at least four) 
(Fig. 1 and table S1). Many of these proteins 
are nonspecific contaminants, but others such 
as KRAB-associated protein 1 (KAP-1), dynein 
light chain LC8-type 1 (Dynll1), Nijmegen break- 
age syndrome | (Nbs1), and H2AX represent au- 
thentic phospho-independent 53BP 1-interacting 
proteins (fig. S1D). Three proteins displayed 
an abundance ratio that was more than four 
standard deviations (SDs) above the mean, 
indicating that these proteins interact specifically 
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with phosphorylated 53BP1: Pax interaction 
with transcription-activation domain protein-1 
(Paxip1, or PTIP; 0.95), PTIP-associated protein 
1 (Pal; 0.97), and Rap1-interacting factor 1 (Rifl) 
(0.96) (Fig. 1 and figs. S1D and $2). PTIP was 
known to interact with 53BP1 in a phospho- 
dependent manner (/2), whereas Pal and Rifl 
were not. 

Rifl was originally identified in budding 
yeast as a protein with a key role in telomere 
length maintenance (/3). However, in mam- 
malian cells, Rifl is not essential for telomere 
homeostasis, but has been assigned a number of 
different roles in maintaining genome stability, 
including participation in the DNA damage re- 
sponse (/4—16), repair of S-phase DNA damage 
(17, 18), and regulation of origin firing during 
DNA replication (79, 20). However, the mech- 
anism by which Rifl might contribute to DNA 
repair and maintenance of genome stability is not 
known. 

To confirm that Rifl interaction with 53BP1 
is dependent on phosphorylation, we performed 
Western blot analysis of Flag immunoprecipi- 
tates from lysates of irradiated Tip53bpIl ’ B 
cells infected with retroviruses encoding 53BP1?" 
or 53BP1?8?8“. Whereas Dynlll, a phospho- 
independent 53BP1 interactor (SILAC ratio: 0.55) 
(fig. S1D), coimmunoprecipitated with 53BP1?" 
and 53BP1?"*4 to a similar extent (Fig. 2A), 
only 53BP1?" coimmunoprecipitated with Rifl. 
We conclude that the interaction between 53BP1 
and Rifl is dependent on phosphorylation of 
53BP1. 

Ataxia-telangiectasia mutated phosphorylates 
53BP1 in response to DSBs (J, 3). To determine 
whether ATM induces DNA damage—dependent 
association between Rifl and 53BP1, we com- 
pared irradiated and nonirradiated B cells in 
coimmunoprecipitation experiments. Although we 
detected small amounts of Rifl in 53BP1?® im- 
munoprecipitates from unirradiated cells, this 
was increased by a factor of >3 after irradiation, 
and the increase was abrogated by treatment 
with the ATM inhibitor KU55933 (Fig. 2B). We 
conclude that Rif] preferentially interacts with 
phosphorylated 53BP1 in a DNA damage- and 
ATM-dependent manner. 

Rifl is recruited to DNA damage foci by 
53BP1 (/5). To determine whether 53BP1 phos- 
phorylation is required for Rifl focus formation, 
we tested Rifl foci in irradiated Trp53bpI “ im- 
mortalized mouse embryonic fibroblasts (IMEFs), 
which were stably transduced with either 53BP1?° 
or 53BP1?"8“. Rifl foci were readily detected and 
colocalized with 53BP1°? (Fig. 2C). In contrast, 
although 53BP1?"*4 formed normal-appearing 
foci, Rifl foci were rare and did not colocalize 
with 53BP1 (Fig. 2C). Furthermore, Rifl recruit- 
ment to ionizing radiation—induced foci (IRIF) 
and colocalization with 53BP1 were abrogated 
in ATM-deficient but not DNA-PKcs-—deficient 
iMEFs (fig. S3) (75). We conclude that Rifl re- 
cruitment to DNA damage response foci is de- 
pendent on ATM-mediated S3BP1 phosphorylation. 


The phosphorylation of 53BP1 is essential for 
CSR (4). To examine the role of Rifl in joining 
DSBs during CSR, we conditionally ablated 
Rifl in B cells using CD19“, which is ex- 
pressed specifically in B cells (Rifl/"Cal90* 
mice) (fig. S4, A to C). To induce CSR, B cells 
were activated with lipopolysaccharide (LPS) 
and interleukin-4 (IL-4) in vitro, and switching 
to immunoglobulin G1 (IgG1) or IgG3 was mea- 


sured by flow cytometry. CSR to IgG1 and IgG3 
was markedly reduced in Rif Calg B 
cells, but less so than in Zrp53bp1 ’ controls 
(Fig. 3, A and B, and fig. S5). Switch junctions 
from Rift” ‘Cdl gor “B cells were comparable 
to those from Trp53bpI “ and wild-type con- 
trols (fig. S6) (7), which indicates that, similar 
to 53BP1 deficiency, absence of Rifl does not 
alter the nature of productive CSR joining events. 
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Fig. 1. Identification of phospho-dependent 53BP1 interactors. The graph shows the H/(H + L) ratio 
distribution of proteins identified by SILAC. Error bars represent the SD of the H/(H + L) mean value for all 
of the peptides identified for each individual protein (only proteins with at least four peptides were 
included). HH + L) and o are the mean (0.57) and SD (0.09) of the distribution, respectively. 
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Fig. 2. Rif1 interaction with 53BP1 is de- 
pendent on phosphorylation, DNA dam- 
age, and ATM. (A) Western blot analysis of 
anti-Flag immunoprecipitates (IP) from 
irradiated (IR) Trp53bp1~~ B lymphocytes 
infected with empty vector (vec), 53BP1°8, 
or 53BP1225" virus. Triangles indicate 
threefold dilution. Data are representa- 
tive of two independent experiments. (B) 
Western blot analysis of anti-Flag immu- 
noprecipitates from 7rp53bp1~~ B cells 
infected with empty vector or 53BP1°°. 
Cells were either left untreated or irradiated [50 gray (Gy), 45-min recovery] in the presence or absence of 
the ATM kinase inhibitor KU55933 (ATM). Triangles indicate threefold dilution. Data are representative of 
two independent experiments. (C) Immunofluorescent staining for 53BP1 (Flag) and Rif1 in irradiated 
Trp53bp1”~ iMEFs reconstituted with 53BP1”° or 53BP1°°*** retroviruses (4). Magnification, 100x; scale 
bars, 5 um. Data are representative of two independent experiments. DAPI, 4’,6-diamidino-2-phenylindole. 
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Fig. 3. Rif1 deficiency impairs CSR and causes /gh and genome instability in 
primary B cells. (A) (Left) CSR to IgG1 96 hours after stimulation of B lymphocytes 
with LPS and IL-4. (Right) Summary dot plot for three independent experiments 
(n = three mice per genotype). Mean values are: 23.6% for Cd19°*, 23.4% for 
Rift”*cd19"*, and 5.0% for Riftcd19°* (P < 0.008 with the paired 
Student's t test). (Bottom) B cell proliferation by carboxyfluorescein succinimidyl 
ester (CFSE) dilution. Data are representative of three independent experiments. 
(B) Same as in (A) but for CSR to IgG3 after stimulation with LPS alone. Mean 
values are: 3.2% for Cd19°°*, 3.4% for Rif1*cd19*, and 0.5% for Rif1™ Cd1 9" 
(P < 0.008). (C) (Left) Cell cycle analysis of primary B cells after stimulation with 
LPS and IL-4. BrdU, 5-bromo-2’-deoxyuridine; 7-AAD, 7-amino-actinomycin D. 
(Right) Summary histograms for S, Go/G;, and G,/M phase cells from two 
independent experiments (n = four mice per genotype). Error bars indicate SEM. 


* 0.01 <P <0.05, ** 0.001 <P <0.01, *** P< 0.001. WT, wild type. (D) (Left) Cell 
cycle analysis of LPS- and IL-4—stimulated splenocytes at the indicated times after 
irradiation (6 Gy). (Right) Summary graphs for S, Go/G,, and G>/M phase cells from 
two independent experiments (n = three mice per genotype). Error bars indicate SD. 
(E) Analysis of genomic instability in metaphases from B cell cultures. Chtid, 
chromatid; Chre, chromosome. Data are representative of two independent 
experiments (n = 50 metaphases analyzed per genotype per experiment). (F) 
Examples of /gh-associated aberrations in Rif1'"Cd19°°* B cells. Chromo- 
somes were hybridized with an /gh Co. probe (green; centromeric of Cy1) and a 
telomere sequence-specific probe (red) and were counterstained with DAPI (dark 
blue/black). Arrows indicate /gh Ca/telomeric signal on chromosome 12. Mag- 
nification, 63x; scale bars, 1 um. (G) Frequency of c-myc/lgh translocations in 
activated B cells. The graph shows combined results from three mice per genotype. 
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A similar CSR defect was also obtained by 
conditionally deleting Rifl with 4-hydroxy- 
tamoxifen (4HT) in Rifl/“ROSA260° 88 
B cells (fig. S7). Finally, short hairpin RNA— 
mediated partial down-regulation of CtBP- 
interacting protein (CtIP), which interacts with 
Rifl (fig. S8C) and has been implicated in pro- 
cessing of DNA ends (2/, 22), resulted in a very 
small but reproducible increase in CSR (fig. S8, 
A and B). Thus, Rif] is essential for normal CSR, 
and CtIP may not be the only factor that contrib- 
utes to end processing in Rifl-deficient B cells. 


Class switch recombination requires cell di- 
vision, activation-induced cytidine deaminase 
(AID) expression, and /gh germline transcription 
(23). There are conflicting reports that Rifl is 
required for proliferation in MEFs, but not in 
DT40 B cells (77, 78). We found that cell divi- 
sion profiles of Rifl/”Cd19C™* and 4HT-treated 
Rift’ ROSA26° 8" B cells were indistin- 
guishable from controls (Fig. 3, A and B; and fig. 
S7, A, C, E, and G), indicating that Rifl is dis- 
pensable for B cell proliferation in vitro. Finally, 
AID mRNA and protein expression and /gh germ- 


line transcription were not affected by Rifl de- 


letion (fig. S4, B and D). 


We next examined the role of Rifl in cell 
cycle progression in primary B cells. We found 
no major differences in the percentage of cells 
in Go/G, and S phases (Fig. 3C). However, the 
number of cells in G/M phase was increased 


approximately twofold in the absence of Rifl 
(2.64-, 2.56-, and 1.91-fold at 48, 72, and 96 hours, 


respectively) (Fig. 3C). We obtained similar 


results with the use of Rifl’“ROSA260° #8" 
B cells treated with 4HT (fig. S7, H and I). 
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Fig. 4. Rifl prevents resection of DNA ends at sites of AID-induced DNA 
damage. (A to D) RPA and Rad51 occupancy at the /gh locus (A and C) 
and at non-/gh AID targets genes (B and D) in B cells activated to un- 
dergo class switching. ChIP-seq libraries were resolved into upper (+) and 
lower (-) DNA strands to show RPA and Rad511 association with sense and 
antisense strands. Within a specified genomic window, graphs have the 
same scale and show tag density. Deep-sequencing samples were nor- 
malized per library size, and tags per million values were calculated for 
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each genic region, as indicated in the supplementary materials and meth- 
ods and shown in parenthesis. Data are representative of two indepen- 
dent experiments for RPA ChIP-seq and one for Rad51. (E) Model of Rif1 
recruitment and DNA-end protection at DSBs. DNA damage activates 
ATM, which phosphorylates many targets, including 53BP1. This event 
recruits Rif1l to 53BP1 at the DSB, where it inhibits DNA resection. The 
extensive resection in the absence of Rif1 impairs CSR at the /gh locus. P, 
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Furthermore, irradiation increases the accumulation 
of Rifl’”Cd19°* B cells in G2/M phase (Fig. 
3D). In addition, Tip53bpI “ iMEFs expressing 
53BP1PB?84 | which did not recruit Rifl to IRIF 
(Fig. 2C), exhibited delayed progression through 
S phase following DNA damage with accumula- 
tion of cells in Gp phase after irradiation (fig. S9). 

Accumulation of cells in G/M phase may 
reflect the persistence of unrepaired DNA dam- 
age in a fraction of Rifl-deficient cells. To investi- 
gate this possibility, we analyzed metaphase spreads 
from B cells dividing in response to LPS and 
IL-4 in vitro. These cells express AID, which 
produces DSBs in /gh and, less frequently at off- 
target sites throughout the genome, in the G; 
phase of the cell cycle (24-26). Chromosomal 
aberrations were increased in Rifl’” Cd190°* 
B cells compared to controls (Fig. 3E), with many 
localized to the /gh locus (Fig. 3E). Consistent 
with the observation that /gh is targeted by AID 
in the G, phase of the cell cycle, all of the Jgh 
breaks were chromosome breaks (Fig. 3, E and F). 
Interestingly, the frequency of c-myc/Igh translo- 
cations is moderately increased in Rifl""Cd190* 
B cells; however, the breakpoint distribution was 
similar to the Cd/97* control (1.5 x 10° ver- 
sus 1.0 x 10 ° in the control; P= 0.039) (Fig. 3G 
and fig. S10). We conclude that in the absence of 
Rifl, DSBs fail to be resolved efficiently in the 
G,, S, or Gy phases, which leads to increased 
levels of genomic instability, including chromo- 
some breaks at /gh and translocations in dividing 
B cells. 

In the absence of 53BP1, DSBs produced 
by AID at the /gh locus accumulate the single- 
stranded DNA-binding replication protein A com- 
plex (RPA) as a result of increased DNA-end 
resection (24). To determine if Rifl is required 
for DNA-end protection by 53BP1, we performed 
RPA-chromatin immunoprecipitation followed 
by massive parallel sequencing (ChIP-seq) ex- 
periments on Rifl’“Cd19~* and control B cells. 
Ablation of Rifl was indistinguishable from 
the loss of 53BP1 in that in its absence, RPA dec- 
orates the /gh locus asymmetrically, in a manner 
consistent with 5'-3’ resection (Fig. 4A) (27). In 
addition, absence of Rifl also results in RPA 
accumulation at non-/gh genes, such as //4ra and 
Pim1, that are damaged by AID in G, phase (Fig. 
4B) (24, 25). Rad51 is the recombinase that 
mediates repair of DSBs by homologous recom- 
bination in S/G>/M phase (22). To confirm that 
Rifl prevents resection that takes place in S 
phase, we monitored Rad51 accumulation in ac- 
tivated B cells by ChIP-seq. Loss of Rifl was 


indistinguishable from the loss of 53BP1 (27), in 
that it led to asymmetric Rad51 accumulation at 
sites of AID-inflicted DNA damage (Fig. 4, C 
and D). We conclude that in the absence of Rifl, 
AID-induced DSBs incurred in G; phase persist 
and undergo extensive 5’-3’ DNA-end resection 
in S/G,/M phase, as measured by RPA and Rad51 
accumulation. 

A role for Rifl in maintenance of genome 
stability and protection of DNA ends against re- 
section is consistent with its phosphorylation- 
dependent recruitment to the N-terminal domain 
of 53BP1 (4). 53BP1 facilitates DNA repair and 
prevents DNA-end resection during CSR. In the 
absence of 53BP1, AID-induced DSBs are re- 
solved inefficiently in G; phase, leading to chro- 
mosome breaks, /gh instability, and resolution by 
alternative NHEJ or homologous recombination 
instead of classical NHEJ (4, 8, 27). Our exper- 
iments show that in the absence of Rifl, 53BP1 is 
insufficient to promote genomic stability or me- 
diate efficient Jgh repair, DNA-end protection, or 
CSR. Thus, these 53BP1 activities require Rifl 
recruitment to the phosphorylated N terminus of 
53BP1. Rifl is likely to have additional functions 
beyond 53BP1, CSR, and DNA-end protection 
because although Tip53bpI ’ mice are viable, 
Rifl deletion is lethal (17). Indeed, Rifl is be- 
lieved to play a role in the repair of S-phase DNA 
damage (/7, 78), as well as in the regulation of 
replication timing (19, 20, 28). Analogously, ad- 
ditional CSR factor(s) may exist downstream of 
53BP1, as class switching in Rifl-deficienct B 
cells is significantly higher than in Zip53bpI’ . 

In summary, our data are consistent with a 
model in which ATM-mediated phosphorylation 
of 53BP1 recruits Rifl to sites of DNA damage, 
where it facilitates DNA repair in part by pro- 
tecting DNA ends from resection (Fig. 4E). In the 
absence of Rifl, DNA breaks incurred in G, 
phase fail to be repaired by NHEJ and undergo 
extensive 5’-3’ end resection, resulting in the ac- 
cumulation of chromosome breaks and genome 
instability. 
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Text starts with a brief introduction describ- 
ing the paper's significance, which should be 
intelligible to readers in other disciplines. Tech- 
nical terms should be defined. Symbols, abbre- 
viations, and acronyms should be defined the 
first time they are used. All tables and figures 
should be cited in numerical order. 

References and notes are numbered in the 
order in which they are cited, first through the 
text, then through the text of the references, 
then through the figure and table legends, and 
finally through the supplementary materials. 
Each reference should have a unique number; 
do not combine references or embed references 
in notes. Do not use op. cit. or ibid. Titles can 
be included in references and will appear in our 
online version. There should be only one refer- 
ence list, containing all of the citations in the 
paper and in the supplementary materials. 

Acknowledgments, including complete 
funding information; a statement indicating the 


bases are listed online. Large data sets with no 
appropriate repository must be housed as part of 
the supplementary materials at Science, or when 
this is not possible, on the author’s Web site, pro- 
vided that a copy of the data is held in escrow at 
Science to ensure availability to readers. 

Data availability and materials sharing. 
After publication, all data and computer codes 
necessary to understand, assess, and extend the 
conclusions of the manuscript must be avail- 
able to any reader of Science, and all reason- 
able requests for materials must be fulfilled. 
Before acceptance, Science must be informed 
of any restrictions on sharing of materials 
(materials transfer agreements or patents, for 
example) applying to materials used in the 
reported research. 

License and access policies. Authors retain 
copyright but must agree to grant to Science an 
exclusive license to publish the paper in print 
and online. Any author whose university or 
institution has policies or other restrictions lim- 


availability of data, including accession num- 
bers; and any information related to authorship 
conflict of interest should be gathered into an 
unnumbered note at the end of the references. 

Tables should be included at the end 
of the references and should supplement, 
not duplicate, the text. The first sentence of 
the table legend should be a brief descrip- 
tive title. Every vertical column should have 
a heading, consisting of a title with the unit 
of measure in parentheses. Units should not 
change within a column. 

Figure legends should be double-spaced 
and in numerical order. The figure title should 
be given as the first line of the legend. No sin- 
gle legend should be longer than ~200 words. 
Nomenclature, abbreviations, symbols, and 
units used in a figure should match those used 
in the text. Units should be metric and follow 
SI conventions. 

Supplementary materials are posted per- 
manently on Science Online, are linked to the 
manuscript, and are freely available. Files can 
include materials and methods, figures, tables, 
and video or audio clips that are important for 
the integrity of the paper. 

Figures should be submitted as part of the 
online submission or, if necessary for large 
files only, on a CD or DVD. No part of a figure 
may be selectively manipulated. When figures 
are assembled from multiple gels or micro- 
graphs, a line or space should indicate the 
border between two original images. See our 
online Information for Authors for information 
on preparing art. 


iting their ability to assign exclusive publication 
rights (such as Harvard, MIT, or Open Univer- 
sity) must apply for a waiver or other exclusion 
from that policy or those restrictions. After pub- 
lication, authors may post the accepted version 
of the paper on their personal Web site and are 
provided one referrer link that can be posted on 
a personal or institutional Web page, through 
which users can freely access the published 
paper on Science’s online site. Science allows 
deposition of accepted papers into repositories 
if mandated by funders with a release 6 months 
after publication and provided that a link to the 
final version published in Science is included. 
Original research papers are freely acces- 
sible with registration on Science’s Web site 
12 months after publication. 

Press coverage. The paper should remain a 
privileged document and should not be released 
to the press or the public before publication. 
Questions should be referred to the AAAS 
Office of Public Programs (202-326-6440). 
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How they contribute to society through 
science and technology ? 


“Materials and Production” Field 


Contribution to the advancement of today’s information society 


“By developing ‘chemically amplified resist’ polymer materials which enabled the drastic 


miniaturization of microprocessors /memory chips and great improvement of production process” 


Prof. C.Grant Willson Prof. Jean M.J. Fréchet 
USA USA 


“Biological Production and Biological Environment” Field 


Contribution to the global marine environmental conservation 


“By advancing marine biodiversity research and establishing 
the scientific basis through elucidating deep sea chemosynthetic ecosystems” 


¥ 2 
‘a 

Dr. John Frederick Grassle 

US& 


2013 Japan Prize Laureates 


This is an important element in 
the Japan Prize selection criteria. 


The Japan Prize is awarded to scientists and engineers 
from around the world who are recognized 


as having achieved original and dramatic accomplishments 


that greatly enhance the progress of science and 


technology, thereby contributing 


to the peace and prosperity of mankind. 


> Search for “Japan Prize” to access announcement of the 2013 laureates. A [ AN PRIZE 
www.japanprize.jp 


What can RabMAbs® 


@) 
do for you? abcam 


Rabbit Monoclonal Antibodies 
(RabMAbs) offer multiple 
advantages to bring you 

the highest quality antibody possible. 


WRabMAbs consistently show higher 
affinity, with K, values which can often 
reach the picomolar level (10°'? M), 
effectively eliminating the need for 


HA High Affinity further affinity maturation (1). 


Mouse MAbs RabMAbs 


10° 
High Specificity <> RESULT 


Antibody affinity comparison by K, value for a typical RabMAb vs. 
traditional mouse monoclonal antibodies. 


1. Pope ME, J Immunol Methods. 2009 Feb 28;341(1-2):86-96. 


Try a RabMAb and discover more at abcam.com/rabmabs-advantages 


Discover more at abcam.com 


Explore the fascinating new world of QIAGEN® 


Virtual showroom and application labs 


Enjoy discovering innovative 


sample and assay technologies 
at new QIAGEN.com 


™ Experience new dimensions 
™ Discover fascinating innovations 


m™ Relevant for your personal applications 


eae Scan the code with your iPad, 
wHt: or go to www.qiagen.com/qgiagen-experience. 


Experience 


Sample & Assay Technologies 


Gibson Assembly™ Cloning Kit 


New England Biolabs has revolutionized your laboratory’s 
standard cloning methodology. The Gibson Assembly 
Cloning Kit combines the power of the Gibson Assembly 
Master Mix with NEB 5-alpha Competent E. coli, enabling 
fragment assembly and transformation in just under two hours. 
Save time, without sacrificing efficiency. 


Making ends meet is now quicker and easier than ever before, 
with the Gibson Assembly Cloning Kit from NEB. 


NEBuilder”™ Visit NEBGibson.com to view the latest 
for Gibson Assembly tutorials and to try our primer design tool. 


IN-FUSIONY is a registered trademark of Clontech Laboratories, Inc. 
GENEART? is a registered trademark of Life Technologies, Inc. 
GIBSON ASSEMBLY™ is a trademark of Synthetic Genomics, Inc. 


Number of recombinant colonies 


3kb 


Fragment size 


Gibson Assembly 
§ In-Fusion* 
© GeneArt® 


Ne SYNTHETIC GENOMICS* 


Some components of this product are manufactured 
by New England Biolabs, Inc. under license from 


Synthetic Genomics, Inc. 


Little Genius 


t 


BLItz brilliantly packs the power of Dip and 
Read™ label-free analysis into a personal assay 
system. Give BLItz a drop of your sample and it 
does the rest! 


e Protein presence/absence in seconds 
e Binding kinetics assays at your bench 
e Protein quantitation in seconds 

e Develop immunoassays in minutes 


e Easily analyze crude samples 


Cleverly priced under $20K so you can have 
your own little genius. 


Want to try BLItz in your lab? Visit 
BlitzMeNow.com or call 855.BLITZ.ME. 


2 
fortéBio _ 
A Division of Pall Life Sciences Life Sciences 


STAY INFORMED! | | 
STAY CONNECTED! cass membership, 


~ This complete illumination system 
_ with improved digital servo 
_ technology allows 30% greater 


Are you currently registered to receive e-mails from AAAS neil 
and Science? E-mail is the primary way that AAAS communicates \6 Intregral neutral density filterin 
with our members about AAAS programs, new member benefits, g : y' : 9 
invitations to special events, and, of course, the latest news and © Two outputs for monitoring filter 
research being published in Science. position 


Sign up today to ensure that you are getting the most out of your elu i 
membership and Science subscription.” To get started visit: , Gab Blanking 


promo.aaas.org/stayconnected You'll need your e Video sync pulsed ring buffer 
AAAS Member number. Find it above your name 
on your Science mailing label. 


Don’t miss a thing. Sign up for e-mail 

communications from AAAS today! Semmes INSTRUMENT 
*AAAS follows CAN-SPAM and European Safe Harbor guidelines for protecting your privacy. PH 0) N E : 41 5 bi 883 b; 0 1 2 8 | FAX: 41 ) s 883 e 05 7 2 

We will never sell your e-mail address and you can opt-out of receiving e-mails at any time. EMAIL: INFO@SUTTER.COM | WWW.SUTTER.COM 


Science 


[ASSsic 


Digital Archives of Science 
1880-1996 


Fully integrated with Science Online 


(1997—Current Issue) 
Recommend 


Science Classic 
to your institution’s library. 


ScienceClassic.org 


oO 


A new carbon dioxide (CO,) sensor combines precise and reliable determination of dissolved CO,, 
with the performance benefits of Intelligent Sensor Management. The new InPro 5000i is a fully 
sterilizable and autoclavable in-line CO, sensor. The sensor’s membrane provides an excellent bar- 
rier against volatile organic acids, ensuring errorless measurement. The InPro 5000i’s modular de- 
sign makes maintenance and spare part replacement fast and convenient. The ideal housing for the 


sensor is the retractable InTrac 797 as its integrated flushing chamber allows easy sensor calibra- 
tion and cleaning, even during a running fermentation. The InPro 5000i is the latest member of 
the Intelligent Sensor Management (ISM) family of sensors and transmitters. ISM is a digital plat- 
form for analytical measurement solutions. ISM’s predictive diagnostic tools constantly monitor the 
InPro 5000i’s “health” so that it can be easily determined if the sensor can be safely used for the next 
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fermentation run. 


METTLER TOLEDO 


LARGE-WELL MICROPLATES 

Offering 24 high-volume (3.1 mL) wells in an industry standard 96- 
well plate footprint, the Krystal 24 provides a large surface area per 
well, enabling unmatched cell growth. Constructed in ultrapure 
grade polystyrene, Krystal 24 microplates are tissue-culture treated 
to ensure optimal cell growth and attachment. Precisely manufac- 
tured to ANSI/SLAS microplate dimensions, the microplates are ful- 
ly compatible with all commercially available plate readers, robotic 
sample processors, and automated liquid handling systems. The plate 
edges and lids are designed to reduce evaporation, and the raised 
well rims reduce the risk of cross contamination. The unique Krys- 
tal 24 design also provides the convenience of direct measurements 
on bottom reading spectrophotometers and inverted microscopes. 
For sensitive fluorescence measurements, the black Krystal 24 plate 
provides the all-absorbing background needed to minimize back- 
ground interference. The opaque white Krystal 24 plate maximizes 
reflectivity enabling even weakly emitting luminescence assays to be 
routinely undertaken. 

PORVAIR SCIENCES 

For info: +44-(0)-1372-824290 | www.porvair-sciences.com 


FRESH HUMAN PANCREATIC ISLETS 

The new Clonetics Fresh Human Pancreatic Islets possess a guaranteed 
quality with each batch tested for quantity (total IEQ), viability, purity, 
and sterility. They can be used in a variety of research areas including 
islet cell transplantation, insulin production, cell metabolism, immu- 
nosuppression, and other metabolic disorders. Some of the major chal- 
lenges within diabetes research are the acquisition and availability of 
high-quality islet cells. Researchers now have easy access to islets to 
support research in long-term islet grafting survival, prevention of islet 
rejection, and prevention of adverse effects from immunosuppressive 
drugs. 

LONZA BIOSCIENCE 

For info: +41-(0)-61-316-81-11 | www.lonza.com 


For info: 800-638-8537 | www.mt.com/CO2 


CELL METABOLISM ANALYZER 

The Seahorse XFe Extracellular Flux Analyzer measures the two major 
energy pathways of the cell—mitochondrial respiration and glycoly- 
sis—in a microplate, in real-time. The XFe Analyzer and stress test kits 
have standardized the measurements of mitochondrial dysfunction and 
glycolysis, enabling scientists to better understand the connection be- 
tween physiological traits of cells with genomic and proteomic data. 
The XFe Analyzer and stress test kits are the gold standard platform 
for metabolic assays in neuroscience. The XFe Analyzer is able to iden- 
tify mitochondrial dysfunction and subtle changes in neuronal cell me- 
tabolism before the development of observable neurodegeneration. The 
XFe Analyzer sets a universal standard for acquiring and reporting cell 
metabolism data. It enables cloud-based sharing of the elements and 
protocols of metabolic experiments, affording new users and experts 
the opportunity to collaborate and accelerate their research. 
SEAHORSE BIOSCIENCE 

For info: 800-671-0633 | www.seahorsebio.com 


COOLED SPECIMEN CLAMP 

The Cool Cut specimen clamp maintains block temperature for more 
consistent, better quality sections. Paraffin wax continues to be the 
most popular tissue-embedding medium, due to its low cost and ease 
of use, facilitating long-term storage of the embedded tissue blocks. To 
promote good ribbon generation, the paraffin block needs to be suf- 
ficiently hard to enable the sections to be cut on the microtome. This 
is routinely achieved by placing the paraffin blocks on ice, cooling both 
the tissue and the wax to a similar consistency and swelling the tissue 
to make it easier to section. As the block heats up, however, the paraffin 
softens and expands, resulting in corrugation and variations in the con- 
sistency of the sections, rendering some unsuitable for use. The Cool 
Cut Clamp is a peltier-cooled specimen clamp, which helps to address 
this issue by maintaining the paraffin block at a suitable temperature for 
sectioning for a prolonged period. 

THERMO FISHER SCIENTIFIC 

For info: 800-522-7270 | www.thermoscientific.com/pathology 


Electronically submit your new product description or product literature information! Go to www.sciencemag.org/products/newproducts.dtl for more information. 


Newly offered instrumentation, apparatus, and laboratory materials of interest to researchers in all disciplines in academic, industrial, and governmental organizations are 
featured in this space. Emphasis is given to purpose, chief characteristics, and availability of products and materials. Endorsement by Science or AAAS of any products or 
materials mentioned is not implied. Additional information may be obtained from the manufacturer or supplier. 
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VIICrFOSCOpy In FOCUS 


REGISTER NOW! 
webinar.sciencemag.org 


ic AP aU 


ence OF Mage RUAGHITY 


THURSDAY, MARCH 7, 2013 
9 a.m. UK, 10 a.m. CET, 5 p.m. China, 
6 p.m. Japan, 4 a.m. Eastern US 


An on-demand recording will be available 
soon after the live event. 


Register now at webinar.sciencemag.org! 


High-resolution microscopy has become a 
widespread and ubiquitous technology in 

most life science laboratories and high-quality 
images have become an essential part of many 
publications. Technology such as confocality 
can enhance image contrast by eliminating out 
of focus light, but this is often at the expense 

of signal intensity and increased phototoxicity. 
In this webinar, our experts will discuss the 
benefits and challenges of confocality, compare 
and contrast it with other technologies such as 
deconvolution, and provide advice on which 
technology is best for which application. 


During this webinar, our viewers will: 


* Obtain an overview of confocal microscopy 
and its application in basic research 


Learn about technologies such as 
deconvolution, which can help to preserve 
maximum light input and provide better image 
quality 


Receive advice on best practices for obtaining 
the best quality images, regardless of the 
technique used 


Have their questions answered live by our 
respected thought leaders! 


SPEAKERS 


Jason Swedlow, Ph.D. 
University of Dundee 
Dundee, Scotland 


fi \ 
John Murray, M.D., Ph.D. 


Indiana University 
Bloomington, IN 


iS 


Paul C. Goodwin, M.Sc 
GE Healthcare 
Issaquah, WA 
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Illuminate a 
Cancer Biology 


The complexity of cancer systems biology requires 
innovative tools for interrogating the signaling pathways 
responsible for oncological transformation. 
Promega’s integrated tools for reporter 
gene analysis assure biologically 
relevant results in cancer research. 
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FuGENE® HD 


The next generation 
transfection reagent, 
effective on almost every 
cell type with virtually 
no cell toxicity 


ONE-Glo™ + Tox 
Multiplexed reporter 
gene analysis with off- 
target toxicity detection 
in the same well 


New! NanoLuc™ 
and pGL4 Tox Vectors 


Introducing NanoLuc - the 
brightest, smallest, luciferase 
available - plus a new line 

of pGL4 response element 
vectors for mapping 
oncological pathways 


© To get a FREE sample of any one of these reagents, visit: 
Promega Wwww.promega.com/pathwaybiology 


There’s only one 
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with applicable U.S. and non-U.S. laws. Science 
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without limitation for offensive language or 
inappropriate content, and all advertising is 
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From the journal Science A\ AAAS 
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FACULTY OF VETERINARY MEDICINE 


CALGARY 


The University of Calgary is a leading Canadian university located in the nation’s most 
enterprising city. Named a cultural capital of Canada and one of the best places to 
live in the world, Calgary enjoys more days of sunshine than any other major Canadian 
city and is less than an hour's drive from the majestic Rocky Mountains. The Faculty 
of Veterinary Medicine at the University of Calgary (UCVM) is unique amongst 
veterinary colleges world-wide in sharing the Health Sciences Centre with the Faculty 
of Medicine, ensuring and fostering interaction and collaboration between animal 
and human health researchers and professionals. 


The Faculty of Veterinary Medicine invites applications for five new postdoctoral scholars: 


Characterization of adult human dermal stem cells and bioprocess development 
to improve wound-healing. 
Supervisor: Dr. Jeff Biernaskie — ucalgary.ca/biernaskie 


Population genomic approaches to investigate drug resistance in parasitic helminths. 
Supervisor: Dr. John Gilleard — ucalgary.ca/jsgilleard 


Animal sentinels of health effects from exposure to oil- and gas-related 
contaminants in Alberta. 
Supervisor: Dr. Judit Smits — vet.ucalgary.ca/profiles/judit-smits 


Control of chronic pain following brain injury. 
Supervisor: Dr. Patrick Whelan — ucalgary.ca/whelanlab 


Investigating the biochemistries of antigen processing. 
Supervisor: Dr. Robin Yates — ucalgary.ca/yateslab 


Applicants should clearly specify the project to which they are applying and submit 
a curriculum vitae, a letter of application outlining research experiences and 
aspirations, and the names and contact information for at least three referees 

to ucvmpds@ucalgary.ca. 


Consideration of applications will continue until the position until the positions are 
filled between now and March 30, 2013. 


ucalgary.ca/careers 


The University of Calgary is a leading Canadian 
university located in the nation’s most enterprising 
city. The university has a clear strategic direction 
to become one of Canada’s top five universities by 
2016, where research and innovative teaching and 


learning go hand in hand, and where we fully engage 
the communities we both serve and lead. This strategy 
is called Eyes High, inspired by the university's Gaelic 
motto, which translates as ‘I will lift up my eyes.’ 


online @sciencecareers.org 
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Science Careers 


Ey UNIVERSITY OF A world of opportunities 
7 CAMBRIDGE = www.cam.ac.uk/jobs/ 


The Herchel Smith Professorship 
of Molecular Genetics 


The Board of Electors to the Herchel Smith Professorship of Molecular 
Genetics invite applications for this Professorship from persons whose 
work falls within the general field of the Professorship to take up 
appointment by 1 September 2013. 


Candidates will have an outstanding research record of international 
stature in Molecular Genetics and the vision, leadership, experience and 
enthusiasm to build on current strengths in maintaining and developing 
a leading research presence. 


The annual pensionable stipend for a professor is on a scale from 
£65,435 to £132,860 with the possibility of market supplementation 
where appropriate. Standard professorial duties include teaching and 
research, examining, supervision and administration. The Professor will 
be based in central Cambridge. 

Further information is available at: www.admin.cam.ac.uk/offices/ 
academic/secretary/professorships/ or contact the Academic 
Secretary, University Offices, The Old Schools, Cambridge, CB2 1TT, 
(email: ibise@admin.cam.ac.uk), to whom a letter of application 
should be sent, together with details of current and future 
research plans, a curriculum vitae, a publications list and form 
CHRIS/6 (parts 1 and 3 only) with details of three referees, 

so as to reach him no later than 12 March 2013. 

Informal enquiries may be made to the convenor of the Board of 
Electors, Professor Anne Ferguson-Smith +44 (0)1223 (3)33834 or 
email afsmith@mole.bio.cam.ac.uk 


The University is committed to Equality of Opportunity. 


Faculty Positions in 
ie Immunology/Inflammation/Infectious Diseases 


UNIVERSITY University of Utah School of Medicine, 
OF UTAH Salt Lake City 


The University of Utah’s Department of Pathology announces new faculty 
positions for basic and translational scientists with disease-focused basic 
and translational research programs in Immunology, Inflammation, and/or 
Infectious Diseases. The successful candidates will be expected to establish a 
vigorous research program that fosters institutional collaborations in disease- 
focused research. The ideal candidates must have a MD, PhD, or DVM degree 
and research track record that supports the establishment of an independent 
research program that complements ongoing research at the institution. 
Faculty rank will be commensurate with experience and appointments 
will include competitive start-up packages. Interested candidates should 
submit electronically to http://utah.peopleadmin.com/postings/21307 
a curriculum vitae, a brief cover letter and the names and addresses of 
three references and description of anticipated research direction. More 
information at www.path.utah.edu/recruiting or you may contact Allison 
Boyer, allison.boyer@path.utah.edu 


As a patient-focused organization, The University of Utah Health Sciences 
exists to enhance the health and well-being of people through patient 
care, research and education. Success in this mission requires a culture 
of collaboration, excellence, leadership, and respect. The Health Sciences 
Center seeks faculty and staff who are committed to the values of compassion, 
collaboration, innovation, responsibility, diversity, integrity, quality and trust 
that are integral to our mission. 


The University of Utah values candidates who have experience working 
in settings with students from diverse backgrounds, and possess a [strong 
or demonstrated] commitment to improving access to higher education for 
historically underrepresented students. 


The University of Utah is an Equal Opportunity/Affirmative Action 
Employer and Educator. Minorities, women, and persons with disabilities 
are strongly encouraged to apply. Veterans preference. Reasonable 
accommodations provided. For additional information: 
http://www.regulations.utah.edu/humanResources/5-106.html. 


CniC 


jonal Incoming Fellowships 
for Young Group Leaders 


Opportunities for YOUNG GROUP LEADERS in Biomedical 
Research at the Spanish National Centre for Cardiovascular 
Research CNIC, Madrid - Spain 


The CNIC is dedicated to excellence in cardiovascular research and to 
translating new knowledge into real improvements in clinical practice. 


The scientific project of the centre has been structured in three areas: 
* Cardiovascular Development and Repair Department (CDR) 
* Vascular Biology and Inflammation Department (VBI) 
* Epidemiology, Atherothrombosis and Imaging Department (EAI) 


To be eligible, candidates must: 
Hold a PhD/ MD degree 
Demonstrate a minimum of three years’ postdoctoral/post MD experience 
in centres of international reference 
Candidates must not have resided or carried out their main activity in 
Spain for more than twelve months in the last three years 


The CNIC can offer you: 
* A 3-year contract 
An internationally competitive salary 
Contribution to research and training 
State of the art infrastructure and latest generation of technological 
equipment 
Scientific-technical support and complementary training 


Deadline for submission of proposals: 04 April 2013. 


CNIC is an inclusive, equal opportunity employer, irrespective of nationality, 
ethnic origin, gender, marital or parental status, sexual orientation, creed, 
disability, age or political belief. Confidentiality is guaranteed throughout the 
selection process and all current regulations relating to the protection of personal 
data will be strictly adhered to. 


For further information and applications, please, visit www.cnic.es 
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John Innes Centre 


INDEPENDENT 


RESEARCH 
FELLOWSHIPS 


The John Innes Centre (JIC), Norwich, UK is a world leading 
centre of excellence in plant and microbial sciences based on the 
Norwich Research Park. 


We are inviting applications from outstanding researchers who either 
hold, or wish to apply for Independent Research Fellowships, to attend 
a Conference at the JIC on 29/30 April 2013. At the meeting you will 
be able to present a talk about your proposed area of research and to 
discuss your proposals, the development of your group and your future 
career plans in depth with senior JIC Scientists. 


After the Conference we will select and mentor outstanding 
candidates in writing Fellowship applications and/or offer the 
opportunity to move existing Fellowships to the JIC. 


Further details and particulars can be found at: 
http://www.jic.ac.uk/corporate/fellows.htm 


Please email a two page summary of your research plan, a copy 
of your CV and arrange for three letters of recommendation to be 
emailed to dawn.rivett@nbi.ac.uk by Friday 15th March 2013. 


The John Innes Centre is a registered 
charity (No. 223852) grant-aided by 
ae Mo, the Biotechnology and Biological Sciences 
3 VV Research Council and is an Equal 
2134s Opportunities Employer. 


UNIVERSITE 
DE GENEVE 


The Faculty of Medicine of the University of 
Geneva is seeking to fill a position of: 


ASSOCIATE or ASSISTANT PROFESSOR 
in the Section of fundamental medicine 
(host-pathogens interactions) 


CHARGE: This full-time position will involve 
undergraduate and postgraduate teaching 
in host-pathogens interactions, preferably in 
virology, as well as supervising Masters' and 
doctoral theses. The incumbent will undertake 
research in this area at the highest national and 
international levels and secure external funding. 
He/She will also take up administrative and 
organizational duties within the Department of 
microbiology and molecular medicine and the 
Faculty of Medicine. 


The incumbent is also expected to show the 
capacity to carry out a transversal mission through 
strong collaboration with partner services. 


REQUIREMENTS: 
Doctorate of Medicine (MD) , PhD or 
equivalent degree 
Full postgraduate training in microbiology is 
an advantage. 
Previous teaching and independent research 
experience. 
Publications in leading international 
journals. 
Good knowledge of French within two 
years. 


STARTING DATE: October 1st, 2013 or according 
to agreement. 


Mandatory online registration before 
March 22nd , 2013 at: http://www.unige.ch/ 
academ + paper application to be sent to: 


The Dean of the Faculty of Medicine 
CMU, 1 rue Michel-Servet 
1211 Genéve 4 — Switzerland 


More information: sylvia.deraemy@unige.ch 


Women are encouraged to apply 


PRIZES 


The Alberta Prion Research 
Institute is calling for nominations 
of junior researchers for the 
APRI International Young 
Researcher Prize. 


NOMINATION DEADLINE 
IS MARCH 15 


$25,000 Prize 


WINNER WILL SPEAK AT 
PRION 2013, MAY 26-29 
BANFF, ALBERTA, CANADA 
PRION2013.CA 


Alberta 
Innovates 


Bio 
<0 Solutions 


Alberta Prion 
Research Institute 


prion 


FOR MORE INFORMATION, VISIT: 


orioninstitute.ca/APRI-IYRP 


online @sciencecareers.org 
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online @sciencecareers.org 


Science Careers 


THE UNIVERSITY OF HONG KONG 


Founded in 1911, The University of Hong Kong is committed to the highest international standards of excellence in teaching 
and research, and has been at the international forefront of academic scholarship for many years. The University has a 
comprehensive range of study programmes and research disciplines spread across 10 faculties and about 100 sub-civisions 
of studies and learning. There are over 23,400 undergraduate and postgraduate students coming from 50 countries, and 
more than 1,800 members of academic and academic-related staff, many of whom are internationally renowned. 


School of Biological Sciences 
Applications are invited for the following tenure-track appointments in the School of Biological Sciences, from as 
soon as possible: . : ; ; 
1) Professor/Associate Professor/Assistant Professor in Food Science (Ret: 201300064) 
2 Associate Professor/Assistant Professor in Molecular Toxicology/Food Toxicology 
ef. 

The positions are first offered ona Lig fixed-term basis, with the possibility of renewal and with consideration for tenure 
uring the second fixed-term contract. For exceptionally outstanding candidates, appointments can be made with tenure, 
rategic research areas of the School include: Food Safety and Food for Health, Endocrinology, Ecol i} and Plant 

and Adaptation. Further information about the School can be obtained at http:/www.biosch.hku.hk/. 
(1), candidates with a strong publication record in any area of food science and technology are encouraged to 
Ithough preference will be given to those with expertise in food safety, food toxicology, foo ne food 
engineering cevelopment/sensory sclence. The appointee must be able to con ibute strongly 
egic researcl safety and food for health in the School, He/She should be able to teach a broad 
fH a al area of food science. Applicants who have responded to the previous advertisement 
nee 
eo tg a strong publication record in Molecular Toxicology and/or Food Toxicology, and be 
trioute to at ategic research areas of the School. The appointee is expected to teach courses 
food toxicolo al toxicology and molecular toxicology. Applicants who have responded 
ious advert Ref.: 20 eed not re-apply. 
ll itive i ate with the rida qualifications and experience will be 
: Ld ointments wil + ity and University contribution to a retirement benefits scheme, 
ing up to 15% of basic salary, nedical benefits. Housing benefits will be provided as applicable. 
urrent rates, salaries tax does not exceed 15% of gross income. 
enquiries of the existing research activities and the specific job requirements, please write to Professor Rudolf Wu, 
irector of the School of Biological Sclences (e-mail: udolfwu@hkuhk). Interested applicants should submit a ab 
pplication form, together with a full C.V., a research plan, and a statement on teaching philosophy to scsbs@hku.hk. Please 
indicate clearly which level they wish to be considered for and the reference number in the subject of the e-mail 


plication forms (341/1111) can be obtained at hitp:/Amwu.hku.hk/apptunitforn-ext.doc. Further particulars can be obtained at 
ifobs.hKuhK, Closes a 30, 2018. The University thanks applicants for thelr interest, but advises that only shortlisted 
applicants will ben appre It 

The University is an equal opportunity employer and is committed to a No-Smoking Policy 


PENNSTATE 
BS 


. d Tenure-Track Faculty Positions 
Assistant/Associate/Full Professor 
Cluster Hire in CyberScience: Computational Biology 
The Pennsylvania State University 


This search is part of a Penn State CyberScience Cluster Hire in Computation 
and Data- Enabled Science and Engineering (see http://www.ics.psu.edu/ 
hire.html). Penn State has embarked on a transformative cluster hiring 
initiative in cyberscience (computation- and data-enabled science and 
engineering), coordinating multiple faculty appointments across col- 
leges to develop new functional capabilities centered on data, models 
and simulation for deeper insights into critical problems in science and 
engineering. We seek outstanding faculty who can work across disci- 
plines and in a team to advance algorithms, software and theory to exploit 
“Big Data” and “Big Simulations” for scientific discovery in a variety 
of disciplines. Multiple positions at any academic rank are available. 


As part of this initiative, several departments in the Eberly College of 
Science are conducting a combined search emphasizing computational 
biology. Participating departments are Biochemistry and Molecular Biol- 
ogy, Biology, Statistics, Mathematics and Physics. Our goal is to appoint 
outstanding faculty utilizing large-scale computation and data-intensive 
methods and interdisciplinary approaches to advance functional genomics, 
evolutionary biology, population genomics, genotype-phenotype relation- 
ships, biological networks, bioinformatics, and other areas of biology. 


Applications should be submitted as a single pdf document via email to Traci 
Shimmel (tshimmel@psu.edu). Document should include the letter of appli- 
cation, CV, a brief description of research plans, and contact information of 
three referees. PLEASE REFERENCE JOB NUMBER 38704. 


Review of applications will begin immediately and continue until positions 
are filled. 


Employment will require successful completion of background check(s) in 
accordance with University policies. 


Penn State is committed to Affirmative Action, Equal Opportunity 
and the diversity of its workforce. 


Established 
Investigators 
Univensty ctttaneoe iN Metabolism 
Medical Schoo! 
The new Department of Integrative Biology 
and Physiology at the University of Minnesota 
Medical School seeks outstanding faculty 


NORTHWESTERN 
UNIVERSITY 


candidates in integrative biology and physiology 
of metabolism and related fields of diabetes/ 
obesity at the Associate or Full Professor 
levels. Substantial resources including leading a 
focused junior faculty cluster hires for program 
development and new state-of-the-art research 
buildings are committed to this effort: http: 
//www.ahe.umn.edu/research/bdd/. Successful 
candidates will have an established and innovative 
research program that embraces biological 
complexity from molecular building blocks to 
the living organism. Applicants must have a 
strong record of research accomplishments, as 
documented by publications in leading peer- 
reviewed journals. A commitment to excellence 
in teaching is essential. An outstanding record of 
extramural funding with a multiple grant portfolio 
is required. Minimum requirements are a PhD, MD 
or MD/PhD with tenure at an academic research 
institution. Additional information about the 
department: _http://physiology.med.umn.edu/. 
Information on the vibrant Twin Cities community 
and Minnesota’s acclaimed high quality of life: 
http://wwwl.umn.edu/wishyouwerehere/. 
Nominations are appreciated: Dr. Randi 
Lundell rmlunde@umn.edu. Applicants please 
apply on-line — (http://www1.umn.edu/ohr/ 
employment/ requisition number #179062; 
submit cover letter, curriculum vitae, statement 
of programmatic and research goals and reference 
letters to this web address). 
The University of Minnesota is an Equal 
Opportunity Educator and Employer. 


Chair, Department of Neurobiology and 
Director of the Kavli Institute 
for Neuroscience 
Yale University School of Medicine 


Yale University School of Medicine announces a 
search for Chair of the Department of Neurobiol- 
ogy and Director of the Kavli Institute for Neuro- 
science at Yale. The Department of Neurobiology, 
which was founded by Pasko Rakic in 1978, and 
the Kavli Institute, which began in 2003, play a key 
role in Yale’s broader neuroscience community. 
The successful candidate will be expected to pos- 
sess an outstanding academic record in research 
and education, together with demonstrated leader- 
ship ability. He/she must meet the requirements for 
appointment as a Full Professor at Yale. Interested 
candidates should send a curriculum vitae and bib- 
liography, a brief statement of programmatic inter- 
ests and goals, and a list of professional references 
prior to March 15, 2013 either electronically (to 
charlene.bloch@yale.edu) or by mail to: 
Pietro DeCamilli 
Chair, Neurobiology Search Committee 
c/o Charlene Bloch 
Yale University School of Medicine, 
CNNR Program 
295 Congress Ave, BCMM 436D 
PO Box 9812 
New Haven, CT 06519-1418 
Yale University is an Equal Opportunity, 


Affirmative Action Employer. Minorities and 
women are encouraged to apply. 


Senior Faculty Position in Virology 
Department of 
Microbiology-Immunology 
Northwestern University 
Feinberg School of Medicine 


A tenured or tenure track position is open for 
a full-time faculty researcher at the Associate 
Professor or Full Professor level studying aspects 
of Virology. Areas of particular interest include 
viral pathogenesis, entry, egress, assembly, host- 
pathogen interactions and immune evasion. 


All applicants should have substantial peer- 
reviewed publications that demonstrate the 
ability to perform cutting edge research. Can- 
didates should also have substantial research 
productivity, a history of grant support and 
academic service, and an interest in teaching 
graduate and medical students. Starting date 
is negotiable. 


Application materials will be reviewed as 
received, but to receive full consideration, 
should be received by April 1, 2013. Please 
send a complete CV and the name and contact 
information of at least three references by email 
to: seniorvirologist@northwestern.edu. 


Northwestern University is an Affirmative 
Action, Equal Opportunity Employer. Women 
and minorities are encouraged to apply. 
Hiring is contingent upon eligibility to work in 
the United States. 


SCIENTIFIC DIRECTOR 


Research Institute of Molecular Pathology (IMP), Vienna 


IMP 


The IMP is a basic research center sponsored primarily by the pharmaceutical company Boehringer Ingelheim 
(www.imp.ac.at). The IMP develops its own independent research program with the main goal to conduct outstanding 
basic research in the life sciences. The IMP together with the Institute of Molecular Biotechnology of the Austrian Academy 
of Sciences (IMBA) and several biomedical institutes of the Vienna University constitutes the Vienna Biocenter, which 
shares common activities including an active PhD program and scientific infrastructure. The IMP is presently organized 
into 17 research groups with a scientific staff of approx. 200, which have free access to excellent core-funded services 
including a state-of-the-art animal facility. The language spoken at the institute is English. 


online @sciencecareers.org 


The Scientific Director should be an active world leader in her/his own scientific area with broad scientific interests. 
She/he takes responsibility for the scientific concept of the institute, first and foremost through the recruitment of 


excellent faculty members. The management burden is limited in this middle-sized institute as the director is supported 


by an administrative director and experienced staff. 


Applications should be addressed to the chair 
of the search committee: 


Tom Rapoport (Harvard Medical School) — 
c/o Christopher Robinson 
IMP. Dr. Bohr-Gasse 7, A-1030 Vien 

e-mail: robi son@impacat 


neal ; Canada Excellence Research Chair 
v McGill Green Chemistry and Green Chemicals 


McGill University seeks an internationally recognized leader in Green 
Chemistry to fill the Canada Excellence Research Chair (CERC) in 
Green Chemistry and Green Chemicals. The CERC program awards 
world-renowned researchers and their teams $10 million over seven 
years to establish ambitious research programs at Canadian universities 
(http://www.cerc.gc.ca/hp-pa-eng.shtml). 


The CERC in Green Chemistry and Green Chemicals will hold a PhD 
or equivalent degree and an established record of independent research 
in chemical sciences, at an internationally-recognized level. Research 
activities sought might include, but are not limited to, catalyst discovery 
and application to synthesis, synthesis and application of new materials 
and/or solvents, biocatalysis, and catalysis applied to energy conversion. 
In addition to developing a highly competitive research program at 
McGill, the incumbent will be expected to participate in teaching at the 
undergraduate and/or graduate student level as well as administrative 
work to support these activities. Applications, including curriculum 
vitae, a statement of research and teaching interests, and the names 
of three referees should be sent to R. B. Lennox, Chair, Department of 
Chemistry, McGill University (Bruce.Lennox@McGill.ca). Applications 
will be considered starting February 1, 2013. 

McGill University is committed to diversity and equity in employment. 
It welcomes applications from Aboriginal persons, persons with 
disabilities, ethnic minorities, persons of minority sexual orientation 
or gender identity, visible minorities, women, and others who 
may contribute to further diversification. All qualified candidates 
are encouraged to apply; however, in accordance with Canadian 
immigration requirements, Canadians and permanent residents will be 
given priority. 


a 


i res ce Pee 


Vienna Center for Quantum 
Science and Technology 


The Vienna Center for Quantum Science and Technology (VCQ) invites 
applications for the 


Vienna Quantum Fellowships 


These Fellowships in Experimental or Theoretical Quantum Science will be 
awarded both on the PhD- and the postdoc-level on the basis of an international 
competition. The appointments are for a three-year duration. Postdoctoral 
Fellowships carry a competitive annual salary, and offer an annual research 
expense fund. PhD Fellowships will participate in the Vienna graduate program 
CoQuS. 


The Vienna Quantum Fellowship program has been established with the support 
from the Austrian Ministry of Science and Research to offer young scientists 
the best possible opportunity to develop their talents in the environment of 
the Vienna Center for Quantum Science and Technology (VCQ). 


The VCQ faculty provides a broad variety of research opportunities in the 
areas of Experimental and Theoretical Quantum Science (see http://vcq. 
quantum.at): 


¢ Matter-wave interferometry and quantum atom optics 

¢ Micro- and nanoscale quantum optics and quantum optomechanics 

¢ Microoptics and novel quantum states of light 

¢ Cold atoms and degenerate quantum gases 

¢ Many-body quantum physics and quantum simulations 

¢ Entanglement-based quantum communication on Earth and via satellites 
¢ Quantum information and foundations of physics 


Information about how to apply and the required application material can be 
obtained from http://vcq.quantum.at 
Deadline for the application is April 28, 2013. Fellowship candidates will 
automatically be considered for other available postdoctoral positions in their 
fields of interest. 
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Science | Careers 


There’s only one 
DR. SHIRLEY MALCOM 


lie Dr. Shirley Malcom, born and raised in the segregated South more than 65 years ago, a career based 

on her studies in science seemed even less likely than the launch of the Soviet’s Sputnik. But with Sputnik’s 
success, the Space Race officially started and, in an instant, brought a laser-like focus to science education 
and ways to deliver a proper response. Not long after, Dr. Malcom entered the picture. 

Although black schools at the time received fewer dollars per student and did not have sufficient 
resources to maintain their labs at a level equivalent to the white schools, Dr. Malcom found her way to the 
University of Washington where she succeeded in obtaining a B.S. in spite of the difficulties of being an 
African American woman in the field of science. From there she went on to earn a Ph.D. in ecology from 
Penn State and held a faculty position at the University of North Carolina, Wilmington. 

Dr. Malcom has served at the AAAS in multiple capacities, and is presently Head of the Directorate for 
Education and Human Resources Programs. Nominated by President Clinton to the National Science Board, she 
also held a position on his Committee of Advisors on Science and Technology. She is currently a member of the 
Caltech Board of Trustees, a Regent of Morgan State University, and co-chair of the Gender Advisory Board of 
the UN Commission on Science and Technology for Development. She has held numerous other positions of 
distinction and is the principal author of The Double Bind: The Price of Being a Minority Woman in Science. 

Of her active career in science, Dr. Malcom says, “I guess | have become a poster child for taking 
one’s science background and using that in many other ways: we ask questions; we try to under- 
stand what we find; we consider what evidence we would need to confirm or refute hypotheses. 

And that happens in whatever setting one finds oneself.” 

At Science we are here to help you in your own scientific career with expert career advice, 

forums, job postings, and more — all for free. Visit Science today at ScienceCareers.org. 


For your career in science, there’s only one | §clence MY AAAS 


ScienceCareers.org 


Career advice Jobpostings JobAlerts Career Forum Crafting resumes/CVs Preparing for interviews 


COURSE 


INTERDISCIPLINARY SUMMER 
COURSE 
Biophysics and Computation in 
Neurons and Networks 
Directors: David W. Tank and Michael Berry 
Princeton Neuroscience Institute 


Course Date: June 16 — July 13, 2013 
Location: Princeton University 
Application Deadline: April 1, 2013 
Application Forms: benn.princeton.edu 


This course, supported by the Burroughs Wellcome 
Fund, targets students with training in the physical 
sciences, mathematics or engineering who seek 
an introduction to the concepts and research 
methodologies of modern neuroscience. No 
previous training in biology is required. Topics 
covered will range from cellular biophysics to 
systems neuroscience, including particularly 
imaging methods for the study of single neurons, 
networks of neurons and human brain dynamics 
during execution of behavioral computations. 
The course will be unique in its focus on neural 
dynamics at several scales of complexity — cells, 
circuits, intact brains — and the combination of 
didactic lectures and laboratory exercises, including 
cellular biophysics, synaptic interactions and 
plasticity in neuronal networks, and {MRI imaging 
of targeted brain regions in human subjects. The 
capstone of this course will be one-week student- 
designed research projects integrating concepts 
and methodologies encountered during the initial 
formal lectures and laboratory exercises. Course 
work will include morning lectures and tutorials and 
laboratory exercises selected to complement and 
extend the themes presented in morning lectures. 


PRINCETON 


INSTITUTE 


POSITIONS OPEN 
UNIVERSITY J OF 
Nebraska Systems Agronomist 


Lincoln 


The Institute of Agriculture and Natural Resources at the University of Nebraska, with support from 
the Robert B. Daugherty Water for Food Institute (DWFI) is accepting applications for a Systems 
Agronomist a 70% research, 30% extension, 12-month, tenure-leading or tenured appointment at 
the Assistant, Associate, or Full Professor rank. Housed in the Department of Agronomy and Horti- 
culture, this is a key contributing position to development of the DWFI, providing leadership as the 
agronomic center of a cluster of faculty members to define and address compelling issues in the use 
of water in Nebraska’s agriculture with focus on efficiency of water use and decreasing the yield 
gap of major crops and cropping systems in variable and changing climates. 


The successful candidate is expected to collaborate on multi-disciplinary research in the development 
of sustainable cropping systems for corn, soybean and other crops resulting in improved input use 
efficiency, reduced greenhouse gas emissions, and higher yields through closure of the exploitable 
yield gap; to maintain a vigorous program supported through external grants and contracts; publish 
research results in peer-reviewed journals and present results at professional meetings; advise graduate 
students; develop education programs to serve a diverse clientele including producers, government 
agencies, crop consultants, businesses and University of Nebraska extension educators; contribute 
to crop production and environmental extension action team efforts; provide leadership to extension 
education programming teams on the use of crop models and decision support tools with a focus on 
improving water and nutrient use efficiency in Nebraska; and communicate research results through 
a variety of channels to key stakeholders and clientele groups. 


Requires Ph.D. degree or Ph.D. in place by date of hire, in agronomy or closely related field. Rank 
and tenure will be based on experience and credentials of the successful applicant. 


To view complete position details and to apply, go to: http://employment.unl.edu and search for 
requisition #F130036. Complete the Faculty Academic Administrative Information Form. Attach a 
letter of application, an overview of research and extension experience and interests, and a curriculum 
vitae. Arrange for 3 letters of reference to be emailed to: ewendt1@unl.edu. Review of applications 
will begin on March 15, 2013 and continue until the position is filled or the search is closed. 


The University of Nebraska has an active National Science Foundation ADVANCE gender equity 
program, and is committed to a pluralistic campus community through affirmative action, equal 
opportunity, work-life balance, and dual careers. 


COURSE 


Santa Barbara Advanced School 


of Quantitative Biology 


ANNOUNCEMENTS 


Analyze Evolution in Action 


The Virtual Stickleback Evolution Lab 


2013 Summer Research Course @ UCSB 


Presented by KITP & 


NS] 


CNS 


July 22 - August 24, 2013 


For information and to apply visit: 


rw.kitp.ucsb.edu/qbio 


hy | DES UY 


Explore evolutionary patterns with your students by 
analyzing body structures of modern and fossil fish. 
Available free online for tablets and computers. 


Biolnteractive.org/Science 


online @sciencecareers.org 
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POSITIONS OPEN 


LMAO | 


REWw JERSEY MEDOCAL ’C Heo 
UNIVERSITY HOSPITAL 
CANCER CENTER 


Per on a a ok Ce oe es 


INTERDISCIPLINARY TRAINING PROGRAM 
IN CANCER RESEARCH 


Postdoctoral positions are available from an NCI- 
sponsored Interdisciplinary Cancer Training Grant for 
Ph.D., MD, or M.D.-Ph.D. recipients who seek train- 
ing in basic or translational cancer research. Preference 
will be given to new postdoctoral graduates or those 
who anticipate degrees by July 1, 2013. Faculty men- 
tors have primary appointments in both basic and 
clinical departments, and many are located in the newly 
constructed New Jersey Medical School-University Hos- 
pital Cancer Center (website: http://njmsuhcc.umdnj. 
edu/home/). The Cancer Center is located within the 
New York Metropolitan area and contains three research 
floors, a 20,000 square foot mouse barrier facility, and 
extensive in-house Core facilities. While the principal 
training mechanism of this program is through men- 
tored research with outstanding faculty, a key element 
of this program is a structured exposure to cancer clini- 
cal care through a unique “shadowing program”. A de- 
tailed program description, list of participating faculty, 
and application information, can be found at website: 
http://njmsuhcc.umdnj.edu/home/index.php/ 
training-program-faculty-mentors.html. Salary sup- 
port will be for two to three years for qualified applicants 
who must be training grant eligible (U.S. citizen or permanent 
resident). For additional information contact, Dr. Harvey 
Ozer, Program Director at telephone: 973-972-3557, 
or to e-mail: ozerhl@umdnj.edu. 


ASSISTANT PROFESSOR 
Utah State University 


The Department of Chemistry and Biochemistry at 
Utah State University (USU) invites applications for a 
tenure-track position at the Assistant Professor level 
in the area of biochemistry who will participate in the 
Chemical Biology program beginning fall 2013. The 
successful candidate will have a research program that 
complements at least one departmental focus area (i.e., 
macromolecular structure and function and/or eukary- 
otic biochemistry), the technical infrastructure within 
the department, and should also allow the candidate 
to interact with researchers in the biological sciences 
from other USU departments and colleges. Applicants 
must have earned a Ph.D. in Chemistry, Biochemistry, 
Biology, or a related field; postdoctoral experience is 
required. The position requires the development of 
an externally funded research program as well as teach- 
ing at the undergraduate and graduate levels. Applicants 
should submit curriculum vitae, a concise description 
of future research projects, a description of how the 
research to be pursued complements existing research 
focus areas and technical infrastructure in the Depart- 
ment, a description of teaching experience and preferred 
teaching area(s), and the names and e-mail addresses 
of three references. Apply online at website: http:// 
jobs.usu.edu (053398). Evaluation of applicants is 
ongoing; posting will remain open until position is filled. 
For more information please visit our website: http:// 
www.usu.edu/science/htm/chemical-biology. 

Utah State University, located in Logan, Utah, is an Equal 
Opportunity /Affirmative Action Employer committed to assembling 
a diverse faculty. Women and members of minority groups are 
strongly encouraged to apply. 


Help employers find you. 
Post your resume/cv. 


www.ScienceCareers.org 


POSITIONS OPEN 


POSTDOCTORAL POSITIONS in 
The Enzyme Function Initiative 

The Enzyme Function Initiative (EFI; website: http:// 
enzymefunction.org/) was established in 2010 with a 
Glue Grant from NIGMS/NIH (U54GM093342). The 
goal is to develop a sequence/structure-based strategy 
for facilitating assignment of in vitro enzymatic and 
in vivo metabolic/physiological functions of unknown 
enzymes discovered in genome projects, a crucial limi- 
tation in genomic biology. This is being accomplished 
by integrating bioinformatics, structural biology, and 
computation with enzymology, genetics, and metab- 
olomics. The EFI consists of five Scientific Cores that 
provide essential intellectual, computational, and exper- 
imental infrastructure for functional predictions, which 
are tested by Bridging Projects that focus on function- 
ally diverse enzyme superfamilies. 

Postdoctoral positions are available in microbiol- 
ogy with focus on phenotypic analyses of knockout/ 
overexpression mutants and transcriptomics and on 
mass spectrometry-based metabolomics. Due to the col- 
laborative and multidisciplinary environment, the EFI 
provides an opportunity to receive training in several 
areas. For example, those with a primary interest in mi- 
crobial genetics can receive training in bioinformatics 
or in metabolomics. 

To apply and/or for more detailed information, 
please contact Professor John Cronan (e-mail: jcronan@ 
uiuc.edu). 


FACULTY POSITION in 
Marine Biogeochemistry 


Stony Brook University’s School of Marine and At- 
mospheric Sciences (SoMAS) invites applications for a 
tenure-track faculty position in Marine Biogeochemistry, 
to begin as early as fall 2013. The position will be filled 
at the ASSISTANT PROFESSOR level. Review of 
applications will begin March 1, 2013, but applications 
will be considered until the position is filled. Candidates 
are expected to interact with and augment existing ac- 
tivities in biogeochemistry at SoMAS. The successful 
candidate is expected to carry out an independent re- 
search program, attract external grant support for in- 
dependent and collaborative projects, support and foster 
the development of graduate students, contribute to 
teaching activities at both the graduate and undergrad- 
uate levels, and participate in School and University 
service. Application instructions and procedures, as 
well as further information about this position, can 
be found at website: http://www.somas.stonybrook. 
edu/about/empopps.html (Ref #F-7743-13-01). 
Stony Brook University/SUNY is an Affirmative Action/Equal Op- 
portunity Educator and Employer. 


Stop 
searching 
for a job; 
start your 

career today. 
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Nontraditional 
Careers: 


Opportunities 
Away From 
the Bench 


Webinar 


Want to learn more about exciting 
and rewarding careers outside of 
academic/industrial research? 
View a roundtable discussion that 
looks at the various career options 
open to scientists and strategies 
you can use to pursue a 
nonresearch career. 


Now Available 
On Demand 


www.sciencecareers.org/ 
webinar 


Produced by the 
Science/AAAS Business Office. 
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